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SECTION 2 
ABSTRACTS OF ARTICLES TO BE PUBLISHED IN THE PHYSICAL REVIEW . 


In this section are printed the abstracts of Articles that have been forwarded to The 
American Institute of Physics for publication in The Physical Review. In quoting infor- 
mation obtained from this section before the appearance of the corresponding Article, 
reference should be made to “Physical Review (to be published)” rather than to this Journal. 


THERMODYNAMIC BEHAVIOR OF LIQUID 
HELIUM-THREE IN ITS POSSIBLE SUPER- 
FLUID PHASE. I. Toshio Soda, Department 
of Physics, University of California, Berkeley, 
California, and Ramabadhra Vasudevan,* De- 
partment of Physics, University of California, 
La Jolla, California (Received March 17, 1961; 
revised manuscript received October 23, 1961). 


The thermodynamic behavior of liquid He® in 
its possible superfluid phase is investigated by 
extending the methods of Brueckner et al. They 
suggest that such a correlated phase can exist 
at very low temperatures due to the fact that 
there exist attractive D-state interactions near 
the Fermi surface. The free energy and the 
energy gap of the system for D-state inter- 
actions corresponding to different pure azimuth- 
al modes are calculated at different tempera- 
tures. It is found that /=2, m=2 and 1=2, m=1 
modes correspond to the lowest free energy of 
the system near the critical temperature. In 
the intermediate range of temperatures the free- 
energy curves for the two modes, when the com- 
putations are made numerically, come out to be 
very nearly the same. But actually it can be 
shown by an analytical method that they are iden- 
tical. The /=2, m=0 mode yields a higher free 
energy for all temperatures less than the criti- 
cal temperature. The mixing of modes is in- 
vestigated near the critical temperature. Any 
linear combination of all the modes /=2, m=0, 
1, -1, 2, and -2 does not seem to lead to a 
lower free energy than that of the 1=2, m=+2 
and m=+1 modes. The correlation lengths at 
different temperatures are also analyzed. The 
Specific heat and entropy curves for the /=2, 
m= 2 mode are given. 


*Now at the Physics Department, University of Cali- 
fornia, Berkeley, California. 


EXACT EVOLUTION OF REDUCED DISTRIBU- 
TION FUNCTIONS IN A HOMOGENEOUS DENSE 
CLASSICAL FLUID. Frank C. Andrews,* Depart- 
ment of Chemistry, University of California, 
Berkeley, California (Received October 4, 1961). 


The exact evolution of reduced distribution 
functions is studied for a homogeneous dense 
classical fluid by methods which are equivalent 
to the diagram technique of Prigogine and co- 
workers. No diagrams or Fourier expansion are 
used in this work, however. So long as only 
short-range order is present in the fluid, exact 
equations for the evolution of the momentum dis- 
tribution function and for reduced s-particle dis- 
tribution functions are obtained. They are seen 
to be non-Markovian in a sense explicitly related 
to the finite duration of a collision. Simple Mar- 
kovian equations—a generalized master equation 
for momenta and a functional equation for corre- 
lations —result only when the momentum distribu- 
tion changes negligibly in times of the order of 
the duration of a collision. 


*Present address: Chemistry Department, Univer- 
sity of Wisconsin, Madison, Wisconsin. 


APPROACH TO EQUILIBRIUM IN A DENSE 
CLASSICAL FLUID. Frank C. Andrews,* Depart- 
ment of Chemistry, University of California, 
Berkeley, California (Received October 4, 1961). 


The equation derived in a previous paper for 
the exact evolution of the momentum distribution 
function of a homogeneous dense classical fluid 
is studied. The Markovian form of this equation 
is found to drive the momentum distribution 
monotonically to an arbitrary function of the 
kinetic energy of the system. This function must 
be canonical if it factorizes in momentum space. 
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Incorporation of the non-Markovian effects in the 
evolution equation through a simple approximation 
does not destroy the approach to equilibrium. 
Since reduced s-particle distribution functions 
previously were shown to be functionals of the 
momentum distribution, they also monotonically 
approach equilibrium. 


*Present address: Chemistry Department, Univer- 
sity of Wisconsin, Madison, Wisconsin. 


EVOLUTION OF REDUCED DISTRIBUTION 
FUNCTIONS FOR INHOMOGENEOUS DENSE 
CLASSICAL FLUIDS. Frank C. Andrews,* De- 
partment of Chemistry, University of California, 
Berkeley, California (Received October 4, 1961). 


The evolution of reduced distribution functions 
is studied for an inhomogeneous dense classical 
fluid by methods previously used to study homo- 
geneous fluids. So long as only short-range or- 
der is present in the fluid and the variation in 
properties caused by the inhomogeneity is negli- 
gible over distances of the order of the region 
of a collision, then the evolution equations for 
the one-particle and s-particle distribution func- 
tions are obtained. They take a simple Markovian 
form if the one-particle distribution changes neg- 
ligibly in times of the order of the duration of a 
collision. The operators involved in the evolu- 
tion equations are studied. Their physical mean- 
ing and relationship to the classical Boltzmann 
equation are considered. 


*Present address: Chemistry Department, Univer- 
sity of Wisconsin, Madison, Wisconsin. 


CALCULATION OF THE SUPERCONDUCTING 
STATE PARAMETERS WITH RETARDED ELEC- 
TRON-PHONON INTERACTION. P. Morel, 
French Embassy, New York, New York, and 

P. W. Anderson, Bell Telephone Laboratories, 
Murray Hill, New Jersey (Received October 10, 
1961). 


The energy gap and other parameters of the 
superconducting state are calculated from the 
Bardeen-Cooper-Schrieffer theory in Gor’kov- 
Eliashberg form, using a realistic retarded 
electron-electron interaction via phonons and 
including the Coulomb repulsion. The solution 
is facilitated by observing that only the local 
phonon interaction, mediated entirely by short- 
wavelength phonons, is important, and that a 
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good approximation for the phonon spectrum is 
therefore an Einstein model rather than a Debye 
model. The resulting equation is solved by an 
approximate iteration procedure. The results 
are similar to earlier gap equations but the 
derivation gives a precise meaning to the inter- 
action and cutoff parameters of earlier theories, 
The numerical results are in good order -of-mag- 
nitude agreement with the observed transition 
temperatures but lead to an isotope effect at least 
15% less than the accepted -3 exponent (7, pro- 
portional to M~”*). Also, the present theory pre- 
dicts that all metals should be superconductors, 
although those not observed to do so would have 
remarkably low transition temperatures. 


INTERBAND TRANSITIONS IN SUPERCONDUC- 
TORS. G. Dresselhaus and M. S. Dresselhaus, 
Lincoln Laboratory, Massachusetts Institute of 
Technology, Lexington, Massachusetts (Received 
October 9, 1961). 


When the photon energy is such that an inter- 
band transition occurs between the valence and 
conduction bands in the normal state, small dif- 
ferences in the optical properties of the normal 
and superconducting metals can arise. Using a 
simple energy-gap model for the superconductor, 
the change in the reflectivity and transmission is 
calculated and is shown to be measurable over a 
narrow frequency range, assuming realistic val- 
ues for the pertinent parameters. This type of 
experiment may be useful for studies of both in- 
terband transitions in normal metals and anisot- 
ropy of the energy gap in superconductors. 


4 


SUPERPOSITION OF PERIODIC POTENTIALS 
AND HOMOGENEOUS FIELDS. G. H. Wannier, 
University of Oregon, Eugene, Oregon, and D. R. 
Fredkin,* Bell Telephone Laboratories, Murray 
Hill, New Jersey (Received September 5, 1961). 


Following up an earlier communication, wave 
functions are constructed for a superposition of a 
periodic electric potential and a uniform magnet- 
ic field. The wave functions are not themselves 
solutions of the Schridinger equation, but yield 
the traditional effective Hamiltonian for this prob- 
lem. Contrary to the electric field case the mani- 
fold of states linked by the “band index” does not 
form a Bloch band; the reason is that the cellular 
transforms of the Bloch-like functions are modi- 





VoLU. 


fied t 
tion ¢ 
able | 
This 
deriv 
The ¢ 
direc 
the p 
case 
One « 
magn 
ent O 
justil 

*Pe 
Jolla, 


ANT! 
AND 
Fe, | 
Broo 
York 


Th 
FeSC 
from 
crys! 
the s 
struc 
shee 
tion. 
cons 
whic 
spin 


the c 
logic 
withi 
the 2 
+0.2 
NiSO 
ferr¢ 
both 


Fe*" 
is al 
shee 
lead 
are | 
sive 
in th 
coun 
as ti 
Co** 


e 
of a 
et- 


rob- 
ani- 
ot 
lar 





VoLUME 7, NUMBER 12 


PHYSICAL REVIEW LETTERS 


DECEMBER 15, 1961 








fied by the Peierls phase. At present, the deriva- 
tion of these results is in closed form, but justifi- 
able only “to all powers of the magnetic field.” 
This was also the case for the previous electric 
derivation. The limitation may not be genuine. 
The second half of the paper does in fact prove 
directly the existence of closed Bloch bands in 

the presence of a homogeneous electric field; the 
case of free electrons is given as an example. 

One expects from this that the new results for the 
magnetic field are, at least in part, also independ- 
ent of the power series method used for their 
justification. 


*Permanent address: University of California, La 


Jolla, California. 


ANTIFERROMAGNETIC STRUCTURE OF Crvo, 
AND THE ANHYDROUS SULFATES OF DIVALENT 
Fe, Ni, and Co. B. C. Frazer and P. J. Brown, 
Brookhaven National Laboratory, Upton, New 
York (Received September 22, 1961). 


The antiferromagnetic structures of CrVO,, 
FeSO,, NiSO,, and CoSO, have been determined 
from neutron diffraction data collected from poly- 
crystalline samples. All of these compounds have 
the same orthorhombic crystal structure. In this 
structure the magnetic ions form face-centered 
sheets which stack at d,,, intervals in the ¢ direc- 
tion. The magnetic structure found for CrvVO, 
consists of ferromagnetically ordered sheets 
which stack antiferromagnetically. The single 
spin direction is found to be inclined at angles 
$,=27+15°, &,=64410°, and 6,.=81+15° with 
the crystallographic axes. A somewhat more 
logical spin orientation, which is close to being 
within experimental error, would be parallel to 
the 4 axis. The Cr*** moment at 4.2°K is (2.1 
+0.2)u,. The magnetic structures of FeSO, and 
NiSO, both have antiferromagnetic sheets with 
ferromagnetic coupling between the sheets. In 
both cases the spin direction is parallel to the bd 
axis. The moments at 4.2°K are (4.14 0.4)up for 
Fe**, and (2.1+0.1)ug for Ni**. In CoSO, there 
is also antiferromagnetic ordering within each 
sheet, but the coupling between sheets does not 
lead to a collinear spin structure. Instead there 
are two spin directions that alternate in succes- 
sive sheets. The spin vectors are found to lie 
in the YZ pkane at alternately clockwise and 
counterclockwise angles of 25+ 2° from the b axis 
as translations are made along the ¢ axis. The 
Co** moment at 4.2°K is (3.3+ 0.2)up- This mag- 


netic structure found for CoSO, is very similar 
to a structure predicted recently for CuCl,-2H,O 
by Moriya on the basis of anisotropic superex- 
change calculations. 


MAGNETOACOUSTIC EFFECTS IN NONDEGEN- 
ERATE SEMICONDUCTORS. Harold N. Spector,* 
Institute for the Study of Metals, University of 
Chicago, Chicago, Illinois (Received October 11, 
1961). 


A self-consistent, semiclassical treatment is 
given for the attenuation of a sound wave in a non- 
degenerate impurity semiconductor with spherical 
energy bands, using the formalism developed by 
Cohen, Harrison, and Harrison. A treatment is 
given for propagation both parallel and perpen- 
dicular to the magnetic field and the behavior of 
the attenuation is examined for a wide range of 
frequencies, magnetic fields, and mean free 
paths. The phenomena studied include saturation 
with frequency in longitudinal magnetic fields, 
and cyclotron resonance and magnetoplasma ef- 
fects in transverse magnetic fields. A magneto- 
plasma resonance for the transverse polarized 
waves in a longitudinal magnetic field has been 
discovered and has been identified with a reso- 
nance calculated by Cohen, Harrison, and Harri- 
son. A qualitative physical interpretation of the 
various effects found in the detailed calculations 
is also presented. 

*Presently National Science Foundation Postdoctoral 
Fellow at the Hebrew University, Jerusalem, Israel. 


EFFECT OF ORDER ON THE HALL CONSTANTS 
OF Ni,Mn. James A. Dreesen, Carnegie Institute 
of Technology, Pittsburgh, Pennsylvania (Re- 
ceived July 24, 1961). 


Hall effect measurements as a function of tem- 
perature are reported for ordered and disordered 
Ni,Mn. At low temperatures the ordinary Hall co- 
efficient is found to be negative for both the or- 
dered and disordered alloy. It is shown that the 
apparent positive value of the ordinary Hall co- 
efficient in the disordered alloy at room temper- 
ature is due to the near coincidence of the Curie 
temperature of this alloy with room temperature. 
This results in a positive contribution to the 
measured value of the ordinary Hall coefficient 
from the extraordinary effect, a smaller con- 
tribution being present at low temperatures. An 
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approximate correction is made for this contri- 
bution, with the result that the true ordinary co- 
efficient in disordered Ni,Mn is found to be near- 
ly equal to that in the ordered alloy. Further- 
more, its absolute magnitude and temperature 
dependence are much like that of Cu-Ni and 
pseudonickel alloys. On this basis it is concluded 
that ordering has much less effect on the band 
structure of this alloy than was previously as- 
sumed. 


EFFECT OF AN IMPURITY LAYER ON SURFACE 
WAVES. Harvey Kaplan, Syracuse University, 
Syracuse, New York (Received October 9, 1961). 


We study here the effects of a homogeneous im- 
purity mass layer on the surface waves of a semi- 
infinite monatomic square lattice with nearest and 
next nearest neighbor central springs. In the long- 
wavelength limit the impurity layer does not alter 
the surface waves from those of a pure semi-infi- 
nite lattice. However, depending upon the ratio 
of the impurity mass to the host mass, and for 
wavelengths shorter than a critical wavelength, 
the long-wavelength surface wave may disappear 
and new surface waves with frequencies either 
higher or lower than the spectrum of the pure in- 
finite lattice may appear. The relationship of this 
model to the analogous one- and three -dimensional 
problems is discussed. 

We expect this theory to be applicable to prob- 
lems such as the effect of an oxide layer on the 
surface vibrations of a crystal. 


SPECIFIC HEAT OF Cr- Fe ALLOYS FROM 
-140 TO 350°C. Klaus Schroder, University of 
Illinois, Urbana, Illinois (Received August 14, 
1961). 


The specific heat of bcc iron-chromium alloys 
has been measured in an adiabatic calorimeter 
in the temperature range from -140 to 350°C. 
Isothermal plots of Cp versus composition re- 
vealed two maxima at higher temperatures. One 
occurred independently of temperature at 19 at. % 
Fe and was associated with the peak in the den- 
sity-of-states curve; the other was temperature 
dependent and was associated with the transition 
from ferromagnetism to paramagnetism. Lattice 
and electronic contributions could be separated 
from each other for alloys with high chromium 
concentration. The Debye 6 did not vary notice- 
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ably with composition, but the electronic spe- 
cific heat showed a maximum. 


LOW-TEMPERATURE HEAT CAPACITY OF A 
SUPERCONDUCTING ALLOY OF ALUMINUM. 
F. A. Otter* and D. E. Mapother, University of 
Illinois, Urbana, Illinois (Received October 9, 
1961). 


The specific heat of a precipitation-hardening 
alloy of aluminum (Alcoa 6063) has been meas- 
ured down to 1.8°K in both the annealed and hard- 
ened conditions. From 1.8 to 4.2°K, the data for 
both conditions are well represented by C= yT 
+ 1.944 x10°(T/6@p)* mjoule/mole-deg with y = 1.33 
+ 0.02 mjoule /mole-deg” and 6p = 430+ 4°K for the 
annealed condition. In this temperature range, 
both y and @p increase for the alloy in the hard- 
ened condition. The changes are dy/y= (1.1 +0.5)% 
and dé p/@p = (1.3+0.6)%. No change in @p was ob4 
served from 10 to 20°K. The change in 6p is quan- 
titatively consistent with previous work on the 
shift of the superconducting critical field curve 
of this alloy with hardening. Both the present 
change in 6p and the previously reported shift 
in H, indicate an internal compressive stress 
in the fully hardened alloy which is believed to 
arise from coherency stress in the early stages 
of precipitation. The observed change in y seems 
inconclusive with respect to the coherency stress 


hypothesis for reasons which are discussed. 4 


*Present address: Ohio University, Athens, Ohio. 


COLOR CENTERS IN CsCl-TYPE ALKALI HAL- 
IDES. Herbert Rabin and James H. Schulman,* 
U. S. Naval Research Laboratory, Washington, 
D. C. (Received October 11, 1961). 


A study of x-ray induced color centers in the 
CsCl-type alkali halides has been made at room, 
liquid nitrogen, and liquid helium temperatures. 
The gross features of this coloration are similar 
to those observed in NaCl-type alkali halides, 
namely a principal absorption band in the visible 
portion of the spectrum with other absorptions at 
both longer and shorter wavelengths. The absorp- 
tion spectra observed vary with the temperature 
of irradiation; the bands show characteristic 
thermal shifting and broadening, bleach under 
both thermal and optical excitation, and demon- 
strate much of the usual color-center behavior. 
At the same time some characteristics of the 
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cesium halides appear to be unique, in particu- 
lar the multiplicity in structure which makes its 
appearance in the principal absorption bands of 
CsCl and CsBr at liquid helium temperature. 
Since the principal absorption gives every evi- 
dence of being associated with the F center, one 
possible explanation of the component structure 
is that it arises from higher excited states of 
the F center. 


*Presently on leave at the U. S. Office of Naval 
Research, London, England. 


PARAMAGNETIC RESONANCE OF THE COBALT 
ION IN RUTILE SINGLE CRYSTAL. E. Yamaka* 
and R. G. Barnes, Institute for Atomic Research 
and Department of Physics, Iowa State University, 
Ames, Iowa (Received September 11, 1961). 


The electron paramagnetic resonance of Co** 
in single-crystal rutile (TiO,) has been investi- 
gated at 3-cm wavelength and 4.2°K. The angular 
dependence of the resonance pattern indicates 
that the Co”* ion enters substitutionally for the 
Ti** ion in the lattice. Strongly anisotropic values 
of the splitting factor g and hfs constant A are ob- 
tained, which may be understood in terms of a 
fairly large charge transfer to the surrounding 
ions. 

*On leave from the Electrical Communication Labora- 
tory, Tokyo, Japan. 


DRIFT MOBILITIES OF ELECTRONS AND HOLES 
AND SPACE-CHARGE -LIMITED CURRENTS IN 
AMORPHOUS SELENIUM FILMS. J. L. Hartke,* 
University of Illinois, Urbana, Illinois (Received 
October 11, 1961). 


The band model has been applied to semicon- 
ducting amorphous selenium. Drift mobilities 
in pure films agreed well with previous results 
of Spear, and some evidence was obtained that 
the shallow electron and hole traps were caused 
by imperfections, further considerations suggest- 
ing that the traps were distributed continuously 
in energy. Electron drift mobilities were reduced 
when arsenic was added to the films but their tem- 
perature dependence was unchanged, suggesting 
that arsenic increased the concentrations of im- 
perfections which produce shallow electron traps. 
Hole ranges were (2-4) x10 cm?/volt and exhib- 
ited no observable temperature dependence, while 
electron ranges were (1-2) x10? cm?/volt at 300°K 


and decreased with decreasing temperature. 

Gold and tellurium electrodes were used to in- 
ject holes into amorphous selenium, producing 
space-charge -limited currents at high fields. 

The observed currents indicated hole capture 
centers distributed uniformly in energy in a re- 
gion extending downwards from 1 ev above the 
valence band edge. The densities of these levels 
were 10°° cm™ ev™. Electrical conductivities 

of 107** to 107° ohm™ cm™ were obtained at low 
fields. The lowest value of conductivity agreed 
well with values extrapolated from liquid selenium. 
The drift of photoinjected electrons in the pres- 
ence of space-charge-limited currents was used 
to probe the electric field. The general spatial 
dependence was that expected of space-charge- 
limiting by holes, but could not be explained quan- 
titatively. 


*Present address: Zerox Corporation, Rochester, 


New York. 


PHOTOEMISSION AND BAND STRUCTURE OF 
THE SEMICONDUCTING COMPOUND CsAu. 
W. E. Spicer, RCA Laboratories, Princeton, 
New Jersey (Received October 5, 1961). 


The energy distribution of the photoelectrons 
and the quantum efficiency of the photoemission 
from CsAu were measured in the spectral range 
from 1.6 to 6.2 ev. From the measurements the 
following conclusions were drawn: For hyv>4.0 
ev, photoelectrons are excited principally from 
the valence band; for hv<4.0 ev, photoelectrons 
are excited from states near the bottom of the 
conduction band. A bandgap of 2.6(+ 0.2) ev and 
an electron affinity of 1.5(+ 0.2) ev are deduced. 


KNIGHT SHIFT AND QUADRUPOLE INTERAC- 
TION IN Tc METAL. William H. Jones, Jr., and 
Frederick J. Milford, Battelle Memorial Insti- 
tute, Columbus, Ohio (Received October 4, 1961). 


The nuclear magnetic resonance of the Tc” 
nucleus in technetium metal has been observed. 
The shape and position of the resonance are due 
to combinations of isotropic and anisotropic 
Knight shifts; first and second order quadrupole 
interactions; and dipolar broadening. The var- 
ious contributions have been separated by study- 
ing the characteristics of the resonance as a 
function of frequency. 
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ULTRAVIOLET ABSORPTION OF KI DILUTED 

IN KCl CRYSTALS. Herbert Mahr, Laboratory 
of Atomic and Solid-State Physics, Cornell Uni- 
versity, Ithaca, New York (Received October 2, 
1961). 


The absorption of KI diluted in KCl single crys- 
tals was studied for concentrations of 107° to 107° 
mole fraction KI in the temperature range from 
80°K to 700°K. The exact shape of the long-wave- 
length absorption peak, which is Gaussian around 
the maximum and exponential at the edge, was 
measured quantitatively over four orders of mag- 
nitude. The total integrated absorption is propor- 
tional to the iodide concentration which was de- 
termined chemically. In the limit of high tem- 
peratures the half-width of the band is propor- 
tional to the square root of the temperature and 
the edge follows Urbachs law. Deviations at low 
temperatures were shown to arise from zero- 
point oscillations. The results were compared 
with models for localized excitons. 


REFLECTIVITY OF GRAY TIN SINGLE CRYS- 
TALS IN THE FUNDAMENTAL ABSORPTION 
REGION. Manuel Cardona and D. L. Greenaway, 
Laboratories RCA Ltd., Zurich, Switzerland 
(Received October 2, 1961). 


Single crystals of gray tin have been grown 
by the method of Ewald from a mercury solu- 
tion. The reflection coefficient of a surface of 
growth has been measured in the fundamental 
absorption region. The reflectivity shows two 
maxima as in other semiconductors with diamond 
and zinc blende structure. The lower energy 
maximum exhibits a doublet structure. The en- 
ergy at which this maximum occurs is interpret- 
ed as the energy gap at the L point of the Bril- 
louin zone. The energy separation of the doublet 
components gives the spin-orbit splitting of the 
valence band at the L point. From the measured 
value of the L gap the transverse effective mass 
at the bottom of the conduction band is estimated 
to be 0.06m. Several general conclusions about 
the systematics of the band structure in all semi- 
conductors with diamond and zinc blende struc- 
ture are presented. 


EFFECT OF QUARTIC ANHARMONICITY ON 
THE INFRARED ABSORPTION OF ALKALI 
HALIDE CRYSTALS. D. W. Jepsen, Thomas J. 
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Watson Research Center, International Business 
Machines Corporation, Yorktown Heights, New 
York, and R. F. Wallis, U. S. Naval Research 
Laboratory, Washington, D. C. (Received Septen-. 
ber 11, 1961). 


A classical theory is given for the influence of 
quartic anharmonicity terms on the infrared lat- 
tice vibration spectra of ionic crystals. It is 
found that quartic anharmonicity introduces terms 
in the damping constant which are proportional to 
the square of the absolute temperature. A fre- 
quency renormalization is found to be necessary 
in order to make the simple classical theory go 
through for quartic terms. 


EXTREME ULTRAVIOLET ABSORPTION BY 
LITHIUM FLUORIDE. A. Milgram* and M. Park- 
er Givens, University of Rochester, Rochester, 
New York (Received August 30, 1961). 


A study was made to determine the absolute 
value of the absorption coefficient for lithium 
fluoride between 10 and 110 ev. The first ex- 
citon level in the fundamental absorption was 
found to be at 12.9 ev. Absorption structure at- 
tributed to the fluorine 2s electrons and lithium 
ls electrons was observed. The energy band 
gap was estimated to be less than 14 ev. The 
absorption structure associated with the Li K 
electrons was found at energies corresponding 
to transitions by the 2s electrons of the free 
Li* ion. A duplication of this structure at a 
higher energy suggested the possibility that a 
multiple process was involved in the photon ab- 
sorption. 


*Present address: Research Department, Carrier 
Research and Development Company, Syracuse, New 
York. 


MAGNETISM OF KCl. E. Sonder, Solid State 
Division, Oak Ridge National Laboratory, Oak 
Ridge, Tennessee (Received October 2, 1961). 


At room temperature KCl has a diamagnetic 
susceptibility of 1.04x10~ cgs units per cm’*. 
The value at liquid nitrogen temperatures is }% 
smaller. As the temperature is lowered further, 
a paramagnetic contribution inversely proportion- 
al to the temperature becomes apparent in addi- 
tively or gamma-ray colored material. The mag- 
nitude of this paramagnetic contribution, which is 
proportional to the number of one-electron imper- 
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fection centers, is compared to the optical absorp- 
tion of electron excess centers, to yield a value 

of 0.6 for the oscillator strength of the F band, 

and strong evidence that the M center is not para- 
magnetic. The results also indicate that the M 
center absorbs under the F band as well as in the 
M band. 


TRANSITIONS TO METALLIC STATES IN IONIC 
CRYSTALS, WITH PARTICULAR REFERENCE 
TO CESIUM IODIDE. M. Flower and N. H. March, 
Department of Physics, The University, Sheffield, 
England (Received May 31, 1961; revised manu- 
script received November 6, 1961). 


Shock-wave experiments by Alder and Christian 
have indicated that metallic transitions might oc- 
cur in certain ionic crystals. Therefore, one 
heavy ionic crystal, CsI, has been studied by the 
cellular method of band theory, both for the nor- 
mal lattice parameter and for a reduced spacing 
corresponding to an estimated pressure of 
~250000 atmospheres. Our principal conclusion 
is that the energy gap between valence and con- 
duction bands varies little with pressure in the 
range we consider. A gap of 6 or 7 ev is obtained 
with our relatively crude potential. The width of 
the valence band is estimated at 3-4 ev and with 
our potential, and neglect of spin-orbit effects, 

a state at the zone edge along [100] appears to be 
the highest in this band, while the conduction band 
minimum is at k=0. The results under normal 
conditions are in good agreement with the photo- 
emission experiments of Philipp, Taft, and Ap- 
ker, both for the gap and the valence bandwidth, 
but the shock-wave experiments of Alder and 
Christian cannot be understood along the present 
lines. Later static pressure experiments by 
Griggs et al. are not, however, in conflict with 
our findings. 


NUCLEAR SPIN ABSORPTION SPECTRA IN 
SOLIDS. A. G. Anderson, International Business 
Machines Research Laboratory, San Jose, Cali- 
fornia (Received October 5, 1961). 


Nuclear magnetic spin absorption spectra in 
both parallel and perpendicular ac and dc mag- 
netic fields are reported for lithium nuclei in 
lithium metal. This is a case where the pre- 
dominant interactions are the Zeeman interac- 
tion of the nuclear magnetic moment with the dc 


field and the magnetic dipole-dipole interaction 
between nuclei in fixed lattice positions. For an 
applied dc field, H,, the spectrum consists of 
absorption around zero frequency, around w 
=yH,, and around w=2yH,. Linewidths and rela- 
tive amplitudes observed experimentally are in 
good agreement with the theory, which predicts © 
linewidths of approximately the same magnitude 
for all lines and line amplitudes which vary as 
H,~*, H,°, or H,~*. At applied de fields, which 
are large compared with the internal magnetic 
dipole-dipole fields, an additional absorption is 
observed for the parallel-field case at very low 
frequencies; this is attributed to the relatively 
long time required for establishment of internal 
equilibrium at these fields. 

Absorption spectra are reported for lithium- 
magnesium alloys. In these alloys addition of 
magnesium produces electric quadrupole broad- 
ening of the lithium absorption spectra. The zero- 
field absorption spectrum of copper is also re- 
ported. 


LOW-ENERGY SCATTERING OF A CHARGED 
PARTICLE BY A POLARIZABLE SYSTEM. 
Thomas F. O’Malley, Leonard Rosenberg,* and 
Larry Spruch, Physics Department, Washington 
Square College and Institute of Mathematical Sci- 
ences, New York University, New York, New 
York (Received October 12, 1961). 


In the scattering of a particle (or system) of 
charge Ze by a neutral system with an electrical 
polarizability a, an electric dipole moment is 
induced which generates an effective potential 
that behaves asymptotically as -3Z’e?a/r*. Due 
to this effective long-range interaction, effective- 
range theory in its normal form is not applicable. 
Thus, for the scattering of a particle with an inci- 
dent orbital angular momentum of zero, for ex- 
ample, the expansion of k cotn(0) includes terms 
in k and in k* lnk, in addition to the usual constant 
and k* terms. The effective range, 7,, as normal- 
ly defined is infinite but one can define a quantity 
0 which explicitly takes into account the long- 
range character of the effective potential. For 
L>0 it is k* cotn(L) which approaches a constant 
as k approaches zero rather than k L+l cotn(L) 
as for a short-range potential. The above results 
can have serious consequences in the scattering 
of electrons and of positrons by neutral spherical- 
ly symmetric atoms. Some detailed consideration 
is given to the scattering by hydrogen atoms. 
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The formulation of effective-range theory which 
is given is valid when Pauli exchange between the 
two colliding systems is possible. The method 
used for taking into account the effect of the Pauli 
principle (this method would be the same for long- 
range and short-range forces) is rather more con- 
venient than in the usual presentation. 


*Present address: Physics Department, University of 
Pennsylvania, Philadelphia, Pennsylvania. 


ELECTRON TRIPLET PRODUCTION BY HIGH- 
ENERGY PHOTONS IN HYDROGEN. Duane C. 
Gates, Robert W. Kenney, and William P. Swan- 
son, Lawrence Radiation Laboratory, University 
of California, Berkeley, California (Received 
June 13, 1961). 


The 323-Mev hardened bremsstrahlung beam 
from the Berkeley synchrotoron was used to pro- 
duce electron-positron pairs and triplets ina 
4-in.-diam liquid hydrogen bubble chamber. It 
was found that the experimental triplet cross 
sections for detectable recoils (momentum greater 
than 0.27 Mev/c) and for recoils with momentum 
greater than mc rise logarithmically with photon 
energy to 100 Mev, then level off at approximately 
2.8 mb and 1.5 mb, respectively. The total trip- 
let cross section agrees with that of Borsellino 
above 20-Mev photon energy. No contribution 
due to exchange terms was found. The positron 
energy distribution agrees with that of Wheeler 
and Lamb. The recoil momentum distribution 
agrees substantially with that of Suh and Bethe. 
Approximately one event due to multiple pair 
production was expected. None was found. 


LEVEL STRUCTURE OF Cr™. R. R. Wilson, 

A. A. Bartlett, J. J. Kraushaar, J. D. McCullen,* 
and R. A. Ristinen, Department of Physics, Uni- 
versity of Colorado, Boulder, Colorado (Received 
July 31, 1961; revised manuscript received No- 
vember 22, 1961). 


The low excited states of Cr** have been inves- 
tigated by studying the decay of Mn™ using scin- 
tillation spectrometers and a double-focusing 
beta-ray spectrometer. In addition to the three 
strong lines at 0.74, 0.94, and 1.43 Mev, a num- 
ber of weak transitions have been observed that 
require the addition of at least one new level at 
3.614 Mev and which yield information on the 
spins and parities of the various levels. The fol- 


A8& 
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lowing gamma rays have been observed: 1.434 
Mev (100%), 1.332 Mev (5.7%), 1.246 Mev (5.84). 
1.214 Mev (2.9%), 0.935 Mev (83.9%), 0.847 Mey 
(2.6%), 0.744 Mev (81.9%), and 0.346 Mev (0.94%) 
in addition to several weaker and more uncertain 
lines. A decay scheme has been constructed 
which consists of levels at 1.434 Mev (2+), 2.369 
Mev (4+), 2.648 Mev, 2.766 Mev (4+), 3.112 Mey 
(6+), 3.161 Mev (1, 2,3), 3.614 Mev (5+, 6+), and 
3.832 Mev (5+, 6+). A comparison has been made 
between the experimentally determined level 
structure and several theoretical calculations. 

Mn™ (290 day) was present in the Mn™. The 
energy of the Mn™* gamma-ray transition was 
determined to be 834.94 1.1 kev. 


*Now at Princeton University, Princeton, New Jersey 


MOMENTUM DISTRIBUTIONS FOR PROTONS IN 
Li® IN THE CLUSTER MODEL. J. Strnad, Physi- 
cal Institute of University and J. Stefan Institute, 
Ljubljana, Yugoslavia (Received October 16, 
1961). 


The momentum distributions for protons with 
two different binding energies as measured in 
quasi-elastic scattering on Li® are calculated in 
a simplified cluster model. It is assumed that 
clusters in nuclei are well separated and cluster- 
model wave functions which are not antisym- 
metrized are used. The simplification seems 
to be justifiable in this case. With the cluster- 
model wave functions of Pearlstein, Wildermuth, 
and Tang, experimental data from quasi-elastic 
scattering of protons on Li® can be reproduced, 
whereas this could not be achieved with the sim- 
ple shell model. 


LOW-ENERGY PROTON PRODUCTION BY 160- 
Mev PROTONS. Raymond Fox* and Norman F. 

Ramsey, Cyclotron Laboratory, Harvard Uni- 

versity, Cambridge, Massachusetts (Received 

October 11, 1961). 


Energy and angular distributions of emitted 
protons in the energy range 5 to 23 Mev from 
lead, tantalum, tin, and zinc when bombarded 
by 160-Mev protons were obtained. A peak was 
obtained in each of the energy distributions 
slightly below the Coulomb barrier of each ele- 
ment. The magnitude of the peaks increased 
with a decrease in the Coulomb barrier of the 
element. The angular dependence of the heights 
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of the peaks for all of the elements was approx- 
imately isotropic. The angular distributions of 
the emitted protons with energies above the 
Coulomb barrier increased in the forward direc- 
tion. The results are compared with previous 
related experiments and possible sources of dis- 
agreement are discussed. 


*Now at the Lawrence Radiation Laboratory, Univer- 
sity of California, Livermore, California. 


NEUTRON INDUCED FISSION OF Pu™?. H. L. 
Smith, R. K. Smith, and R. L. Henkel, Los Ala- 
mos Scientific Laboratory, University of Cali- 
fornia, Los Alamos, New Mexico (Received 
October 9, 1961). 


The neutron-induced fission cross section 
for Pu? was measured at neutron energies 
between 0.25 and 21 Mev. The fission excita- 
tion function is similar to other even-odd fis- 
sionable nuclei and shows a cross section of 
1.68+ 0.08 barns at 3 Mev. A rough correlation 
is developed from fission systematics which al- 
lows predictions of 3-Mev cross sections. U?** 
fission cross section values between 10 and 21 
Mev (previously unpublished) are also tabulated. 


INTERNAL BREMSSTRAHLUNG SPECTRUM 
ACCOMPANYING 1S ELECTRON CAPTURE IN 
DECAY OF Fe®®, Cs'*?, and Ti. M. H. Bia- 
vati, S. J. Nassiff,* and C. S. Wu, Columbia 
University, New York, New York (Received 
October 2, 1961). 


The internal bremsstrahlung spectra in coinci- 
dence with the K x rays resulting from 1S elec- 
tron capture in Fe® and Cs'*! have been meas- 
ured. The results are in good agreement with 
Martin and Glauber’s revised calculations in- 
cluding relativistic and screening effects. The 
shape of the coincidence spectra exhibits a max- 
imum at the predicted energy and then drops 
off in intensity toward the low-energy region. 
This is markedly different from that of the total 
bremsstrahlung spectrum which rises contin- 
uously toward the low-energy region. In the 
case of Cs'*!, the shape of the bremsstrahlung 
spectrum pertaining to the radiative capture of 
P electrons as obtained by subtracting from the 
total spectrum the spectrum due to S-electron 


capture is also in good accord with that predicted. 


An estimate of the total probability for brems- 


strahlung production during 1S electron capture 
as obtained by comparing the corresponding 
bremsstrahlung spectrum with the x-ray in- 
tensity gives for Fe® (1.5+ 0.8) x10°5 and for 
Cs'*! (1.4+1)x1075, which is in fair agreement 
with the theoretical prediction including rela- 
tivistic corrections. The end point of the 1S 
electron capture bremsstrahlung spectrum of 
Tl?“ was also measured and found to be 310+ 10 
kev. 


*Now at Comision Nacional de Energia Atomica, 
Buenos Aires, Argentina. 


CONVERSION -ELECTRON ANGULAR CORRE - 
LATIONS FOR STRIPPING REACTIONS. Eu- 
gene V. Ivash, Department of Physics, Univer- 
sity of Texas, Austin, Texas (Received October 
2, 1961). 


The (d, p;e) and (d,n;e) angular correlation 
between the outgoing proton or neutron of a strip- 
ping reaction and a possible internal conversion 
electron, is theoretically investigated. Expres- 
sions for the correlation function similar to 
those for (d, p;y) and (d,n;y) angular correlations 
are obtained, differing only in the presence of the 
particle parameters b, (LL’;e). It is suggested 
that conversion-electron correlations for strip- 
ping reactions may prove useful as a nuclear 
spectroscopic tool for the heavier nuclei. 


COULOMB EXCITATION OF LEVELS IN Se”. 

R. L. Robinson, F. K. McGowan, and P. H. Stel- 
son, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee (Received October 13, 1961). 


An investigation has been made of the gamma 
rays which de-excite levels of Se” that have been 
Coulomb excited by means of variable-energy alpha 
particles (2.1 to 8.0 Mev). The energies (in kev), 
spins and parities, and B(E2),,’s (in units of 
e? cm*x10~%) found for the levels are: 242+ 2, 
3/2-, and 18.2+1.6; 24845, 5/2-, and 0.374 0.09; 
440+4, 5/2-, and 25.94+1.7; and 51548, 3/2-, 
and 1.0+0.2. New evidence for the two close- 
lying levels at 242 and 248 kev has been provided 
by coincidence studies. A comparison of the 
B(E2)ex’s to the B(E2)sp suggests that the 242- 
and 440-kev levels result from collective exci- 
tations of the ground-state configuration, and 
that the 248 and 515-kev levels result from 
changes in the ground-state configuration. Be- 
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sides the ground-state transitions from these 
Coulomb-excited levels, gamma rays with ener- 
gies of 87, 161, 203, and 283 kev were observed. 
Excitation curves of the 87- and 161-kev transi- 
tions indicate that they cascade from the 248-kev 
level. From the measurements of the gamma- 
ray angular distributions, values for (E2/M1)*@ 
of 0.18+ 0.03 and 0.05+ 0.03 were obtained, re- 
spectively, for the 242-kev gamma ray and for 
the 203-kev gamma ray, which originates at the 
440-kev level. 


ALPHA PARTICLES FROM Be® AND C” BY 25- 
Mev ALPHA-PARTICLE BOMBARDMENT. 
Lynn B. Brown and H. B. Knowles, Lawrence 
Radiation Laboratory, University of California, 
Livermore, California (Received October 12, 
1961). 


Alpha-particle spectra from thin beryllium 
and carbon targets have been taken at 47.5° lab- 
oratory angle, and an alpha energy of 25.41 Mev. 
The center-of-mass spectra of both nuclei indi- 
cate that the four -body reactions Be*(a; 3a,n) 
and C'*(qa;4q@) are greatly preferred over the 
three-body reactions Be*(a; a,n)Be® and C!*(a; 
2a)Be®. Several inelastic levels of both nuclei 
appear, and the recoil-decay alpha particles 
from the 9.61-Mev level of C!?* are seen. The 
Fermi statistical model is invoked in an attempt 
to establish that the multibody reactions are rea- 
sonably representative of the proportions of the 
two- and three-cluster configurations in the 
ground states of the two nuclei, and that the 
three-cluster configurations are preferred. 


CROSS SECTIONS FOR THE B"(n, y)B** REAC- 
TION. W. L. Imhof, R. G. Johnson, F. J. Vaughn, 
and M. Walt, Lockheed Missiles and Space Com- 


pany, Research Laboratories, Palo Alto, Califor- 


nia (Received October 2, 1961). 


Cross sections for the reaction B™(n, y)B** were 
measured by an activation technique for neutron 
energies from 139 kev to 2325 kev and at thermal 


energy. Resonances in the reaction were observed 


at neutron energies of 430 kev, 1030 kev, 1280 
kev, and 1780 kev. Since the resonance at 1030 
kev did not correspond to a known level in B’’, 
the total neutron cross section for boron was 
measured with 4-kev resolution in the neutron 
energy region between 950 kev and 1350 kev. An 
S-wave resonance was observed in the total cross 


Al10 


section at 1027410 kev. This resonance corre- 
sponds to a level in B’” at an excitation energy 
of 4.31 Mev; it most probably has spin and parity 
of 1°, and a width of 10+4 kev. From an analysis 
of the capture cross-section resonances, the ra- 
diation widths of the levels were found to be 0.3 
ev at 430 kev, 0.3 ev at 1027 kev, 0.2 ev at 1280 
kev, and 0.9 ev at 1780 kev, with estimated un- 
certainties of 50%. The measured value of the 
B"(n, y)B’ cross section for thermal neutrons 
was 5+3 mb. 


SIMPLE NUCLEAR REACTIONS OF Ga*®® AND 


Ga™ WITH HIGH-ENERGY PROTONS. Norbert T. 


Porile, Chemistry Department; Brookhaven Na- 
tional Laboratory, Upton, New York (Received 
October 9, 1961). 


Excitation functions in the energy range of 0.5- 
2.9 Bev have been measured for several (p, xn), 
(p, pxn), and (p, 3pxn) reactions of Ga® and Ga”, 
The cross section for the (p, pn) reactions are 
about 57 mb at 2.9 Bev and 69 mb at 0.5 Bev. 
The cross sections for the (p, pxm) reactions de- 
crease monotonically as x increases and are 
some 30-250 times larger than the isobaric (p,xn) 
reaction cross sections. The results are com- 
pared with Monte Carlo cascade and evapora- 
tion calculations. Good agreement is obtained 
at 0.5 Bev except in the case of the ()p, pm) reac- 
tion. In the Bev region the agreement is less 
widespread. The (), pn) cross sections are com- 
pared with a calculation that takes the effects of 
shell structure and a diffuse nuclear surface into 
account. Some preliminary conclusions about the 
availability of the 1/,,. shell for (p, pn) reactions 
in this mass region are drawn on the basis of this 
comparison. 


HIGH-ENERGY INTERFERENCE EFFECT OF 
BREMSSTRAHLUNG PRODUCTION IN A SINGLE 
CRYSTAL OF SILICON. A. N. Saxena,* High- 
Energy Physics Laboratory, Stanford University, 
Stanford, California (Received September 18, 
1961; revised manuscript received November 10, 
1961). 


In an experiment performed at Stanford to look 
for the interference effect of the bremsstrahlung 
production by 575-Mev electrons in a single crys- 
tal of silicon, the ratio of the charges collected 
in the two halves of a double ion chamber were 
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used to detect the enhancement of the soft com- 
ponent of the bremsstrahlung. The data, pre- 
sented in the form of a three-dimensional plot 
of the ratio vs the angles of rotation between the 
lattice normal and the electron beam about the 
horizontal and the verticle axes, clearly showed 
the enhancement. Comparison of the experimen- 
tal result and the theory showed good agreement. 
The resolution of this experiment was poor; hence 
the central minimum predicted by the theory 
could not be observed. This minimum, however, 
has been observed by Bologna et al. at Frascati. 
*Now at the Research and Development Department, 
Fairchild Semiconductor Corporation, Palo Alto, Cali- 
fornia. 


PRECISION MEASUREMENT OF THE uu” LIFE- 
TIME. Richard A. Lundy, Enrico Fermi Institute 
for Nuclear Studies, The University of Chicago, 
Chicago, Illinois (Received September 28, 1961). 


A new precision measurement of the lifetime of 
the positive muon, t(y.*), is described. On the 
basis of 12 internally consistent, independent de- 
terminations performed under a variety of experi- 
mental conditions we obtain 7(*)= (2.203 + 0.004) 
usec. These determinations were performed by 
means of an improved version of Swanson’s “digi- 
tron”—a digital electronic time interval measur- 
ing device—embodying a CW oscillator and several 
protective features. The available experimental 
conditions, in particular concerning the percent- 
age of background events, were greatly superior 
to those available in earlier experiments here 
and elsewhere. Particular attention was paid to 
sources of systematic error, such as time depend- 
ence of background events and rate dependence of 
the over-all measuring process. All sources of 
background have been localized, their effects 
quantitatively exhibited and, in general, sup- 
pressed electronically during actual lifetime 
determinations. 

The prediction of the conserved vector-current 
theory, using ft(0'*) = (3069+13) sec and My 
= 206.76 mg, is (including radiative corrections) 
T(u+)=2.298+ 0.05 psec, and thus in disagree- 
ment with the experimental value reported here. 
This discrepancy is even greater than with the 
somewhat higher values obtained for 7(.*+) by oth- 
er workers; these values are briefly reviewed. 

A full discussion of the logical operation of the 
digitron, and of time-interval measuring devices 
in general, is presented. In Appendix I a general 


formalism is given which establishes the con- 
nection between arbitrary interval distributions 
presented at the input of such devices and their 
corresponding output interval distributions. 


PROPERTIES OF © DECAYS AND THE ©° LIFE- 
TIME. J. Dreitlein* and H. Primakoff, Depart- 
ment of Physics, University of Pennsylvania, 
Philadelphia, Pennsylvania (Received July 18, 
1961). 


The consequences of a possible nonconservation 
of parity in the electromagnetic decay, 5°+A°+y, 
are deduced and an experimental test of parity 
conservation is proposed. In order to devise a 
method to determine the ©° lifetime, 7(D°), a 
study is made of A°+ ° conversion in A°-nucleus 
collisions and it is found that the A° + =° conver- 
sion induced by the nuclear Coulomb field, with 
cross section proportional to Z?/r(=°), is the 
dominant process at large Z for 5° generation in 
approximately forward directions. In addition, 
the implications of a principle of “minimal weak 
coupling” (involving a conserved baryon-meson 
polar-vector current) are exhibited for =* + A° 
strangeness -conserving leptonic decays and are 
used to propose a further conceivable method to 
determine the £° lifetime. Throughout the dis- 
cussion, the various cross sections and decay 
rates are given for the two possible relative 
intrinsic parities of the A° and 2°. 


*Present address: Stanford University, Stanford, 
California. 


SINGLE VIRTUAL PARTICLE EXCHANGE MOD- 
EL OF HIGH-ENERGY INELASTIC GLANCING 
COLLISIONS. Freda Salzman* and George Salz- 
man,! Department of Physics, University of Col- 
orado, Boulder, Colorado (Received August 15, 
1961). 


A general formulation, based upon the ideas of 
field theory, is given for the single virtual parti- 
cle exchange model of high-energy inelastic glanc- 
ing or “peripheral” collisions. The main assump- 
tion of the model is that there is a region of the 
final-state phase space in which the cross section 
is dominated by single virtual particle exchange 
graphs of a particular kind. A general discussion 
is given of the kinematics and of the region of 
applicability of the model. It is shown that, un- 
like the situation in elastic scattering, inelastic 
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processes can occur with timelike momentum 
transfer, and an example in which this happens 
is discussed. The region in which it appears 
most reasonable to use the model is that charac- 
terized by final states which consist of two well- 
defined groups of particles. An argument based 
on unitarity is given which strongly suggests that 
the energy dependence of this part of the peripher- 
al nucleon-nucleon cross section is less than 
logarithmic at very high energies. 

*On leave of absence during the 1961-62 academic 
year at the University of Rome, Rome, Italy. 


TtOn leave of absence during the 1961-62 academic 
year at the Italian National Laboratory, Frascati, Italy. 


DETERMINATION OF THE COUPLING STRENGTH 
OF p MESONS AND NUCLEONS. P. Burt and 

W. K. R. Watson,” Jet Propulsion Laboratory, 
California Institute of Technology, Pasadena, 
California (Received October 6, 1961). 


Consideration of pion-nucleon elastic scatter- 
ing in the forwaid direction at high energies in- 
dicates a possible method of determining the 
coupling strength of the =1, J=1) two-pion 
resonance (p meson) with nucleons for zero mo- 
mentum transfer. As a specific example, we 
consider the case of 7~, p elastic scattering and 
show that g*payj/4ahc ~0.2. 


*Present address: University of California, River- 


side, California. 


SPIN SUSCEPTIBILITY OF NORMAL FERMION 
SYSTEMS. Ronald M. Rockmore, Department of 
Physics, Brandeis University, Waltham, Massa- 
chusetts and The RAND Corporation, Santa Monica, 
California (Received September 20, 1961). 


The calculation of the induced spin density of a 
normal fermion system, such as the electron gas 
in the limit of small wave numbers, is carried 
beyond the random phase approximation (R.P.A.) 
by the method of canonical transformation so as 
to include the first non-R.P.A. corrections. An 
expression for the induced spin density in the 
same limit exact to all orders of particle-particle 
coupling is then derived by more general methods 
of many-body perturbation theory. It depends 
only on the knowledge, to all orders of interpar- 
ticle coupling, of the effective mass and the for- 
ward scattering of quasi-particles at the Fermi 
surface, and also yields the results of the ex- 
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tended R.P.A. on appropriate expansion. In the 
limit of zero wave number, the resulting expres. 
sion for the magnetic susceptibility is found iden. 
tical with that deduced by Landau from a phenom. 
enological basis and may be regarded as an addi- 
tional confirmation of the microscopic validity 
of the theory of the Fermi liquid. 


ISOBAR MECHANISM FOR PION-BARYON HIGH- 
ER RESONANCES. San Fu Tuan, Department of 
Physics, Brown University, Providence, Rhode 
Island (Received October 9, 1961). 


Peierls’ isobar mechanism is extended to pion- 
hyperon interactions on the assumption that ay 
is the 7A isobar whose mass lies below the KN 
threshold and of spin parity P,,.. It is shown that 
this mechanism, when combined with experimental 
data currently available, does suggest that a pion- 
hyperon resonance in the J=1 channel at c.m. en- 
ergy 1645 Mev with spin-parity assignment D,, 
is possible. This resonance state is expected to 
reflect in the total K~-p and K~-n (pure J=1) 
cross sections as resonance peaks centered at 
around 685-Mev/c K-meson lab momentum. Ex- 
perimental implications of this isobar model for 
pion-baryon interactions as well as certain mathe- 
matical difficulties associated with the over-all 
validity of such a mechanism are also discussed. 


RENORMALIZATION OF QUANTUM ELECTRO- 
DYNAMICS IN A CLASSICAL GRAVITATIONAL 
FIELD. Ryoyu Utiyama,* Institute of Field Phys- 
ics, University of North Carolina, Chapel Hill, 
North Carolina (Received August 10, 1961). 


The divergences of the Green’s functions of 
electrons and photons in a classical gravitation- 
al field are investigated and are found to be re- 
movable by the introduction of suitable counter 
terms into the Lagrangian. These counter terms 
are obtained by rewriting the conventional re- 
normalization technique in a generally covariant 
way. It is shown that infinite renormalization 
constants identical to those appearing in con- 
ventional quantum electrodynamics are sufficient 
for the removal of all divergences also when a 
gravitational field is present. No other renor- 
maiization is necessary. The segregation of 
the divergences is accomplished by making use 
of the transformation properties of the Green’s 
functions under (i) general coordinate transforma- 
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tions, (ii) Vierbein rotations, and (iii) gauge 
transformations. 

*On leave of absence from Osaka University, Osaka, 
Japan. 


GROUND-STATE ENERGY OF THE NUCLEON. 
Richard J. Drachman, Brandeis University, Wal- 
tham, Massachusetts (Received June 23, 1961). 


Halpern’s method of moments has been applied 
to the intermediate-coupling reduced Hamiltonian, 
whose lowest eigenvalue is a variational upper 
bound to the ground-state energy of the nucleon 
in the fixed-source model of meson theory. The 
results compare favorably with an earlier inter- 
mediate -coupling calculation of Friedman, Lee, 
and Christian, and agree with direct moment- 
method results. A discussion of the relationship 
between the present work and a Tamm-Dancoff 
approximation for the reduced Hamiltonian is 
included. 


MINIMUM PRINCIPLE FOR MULTICHANNEL 
SCATTERING. Leonard Rosenberg” and Larry 
Spruch, Physics Department, Washington Square 
College and Institute of Mathematical Sciences, 
New York University, New York, New York (Re- 
ceived October 4, 1961). 


The usual variational principles of scattering 
theory are simply stationary principles. Ina 
recent series of papers, all restricted to single- 
channel scattering, conditions were established 
under which variational principles can be found 
which are much more powerful in that the func- 
tional that represents the variational estimate 
is not simply stationary in the neighborhood of 
the exact scattering solution but is rather an ex- 
tremum. A lower bound was obtained on the 
single real parameter, tannc, which character- 
izes the scattering in the (uncoupled) channel c. 
The conditions previously established allowed 
for composite bound states, for the Pauli princi- 
ple, for arbitrary angular momenta, and for 
long-range and in particular Coulomb potentials; 
at nonzero energies, the various potentials had 
to be truncated. The present paper deals with 
the extension to multichannel scattering in which 
each of the open channels contains only two sys- 
tems. The bounds are now on linear combinations 
of the elements of the reactance matrix or of the 
derivative matrix. The potentials must be trun- 


cated in a fashion very similar to that used in 
Wigner -Eisenbud theory. 


*Present address: Physics Department, University 
of Pennsylvania, Philadelphia, Pennsylvania. 


EXTRAPOLATION TO CUTS AND THE SCAT- 
TERING OF ELECTRONS AND POSITRONS. S. D. 
Drell and R. H. Pratt, Institute of Theoretical 
Physics, Department of Physics, Stanford Uni- 
versity, Stanford, California (Received August 
28, 1961). 


The low-momentum-transfer region of strong- 
interaction processes may be discussed in terms 
of one-pion-exchange graphs. This success of 
“extrapolation to poles” suggests, as an exten- 
sion, “extrapolation to cuts” corresponding to 
low-mass intermediate states containing two or 
more particles. We find that this extrapolation 
may be performed in the case of electromagnetic 
interactions, owing to the vanishing photon mass. 
For small-angle scattering of relativistic elec- 
trons in a pure Coulomb field, sin*(@/2)(da/dQ) 
=a, +a, sin(@/2)++++, where a, is given precisely 
by the one-photon pole and a, (obtained exactly to 
all orders in Za) comes from the many-photon 
terms. For scattering by finite nuclei we further 
find that, for fixed momentum transfer, the ratio 
of second to first Born approximation decreases 
as (energy) at high energies. This leads toa 
simple approximate formula for the ratio R 
=(o_ -04)/(¢-+04) of electron and positron scat- 
tering, and to a simple method of determining 
the charge form factors of intermediate-Z nu- 
clei. 


VECTOR MESONS AND NUCLEON-NUCLEON 
POTENTIALS. R. S. McKean, Jr., University 
of Washington, Seattle, Washington (Received 
September 18, 1961). 


The role of the 7-7 resonances in the nucleon- 
nucleon force is considered on a model which 
treats these resonances as particle exchanges. 
The nucleon form factors are used to obtain the 
resonance parameters; thus the coupling constant 
of the “particles” to the nucleon are the only free 
parameters. It is found that the qualitative fea- 
tures of the central, spin-orbit, and tensor po- 
tentials in all states can be reproduced, except 
that the central repulsive core has too long a 
range. These results suggest that 7-7 effects 
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dominate rather than supplement the usual un- 
correlated 27, 37 contribution to the nucleon- 
nucleon force. 


PERTURBATION THEORY OF PION-PION INTER- 
ACTION. I. RENORMALIZATION. Tai Tsun Wu, 
Gordon McKay Laboratory, Harvard University, 
Cambridge, Massachusetts and the Institute for 
Advanced Study, Princeton, New Jersey (Received 
October 9, 1961). 


The problem of pion-pion scattering is studied 
on the basis of the model of a four-particle direct 
interaction without derivative coupling. Renor- 
malization is carried out for this model with a 
detailed analysis of overlap insertions. To every 
finite order in the renormalized coupling constant, 
it is shown that the unitarity relation holds and 
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that the Feynman integral representation is still 
valid, and hence renormalization has no effect 
on analytic properties. 


ACNODES FOR PION-NUCLEON SCATTERING. 
Francis R. Halpern, University of California, 
San Diego, La Jolla, California (Received October 
2, 1961). 


An implicit expression is found for the occur- 
rence of acnodes on the Landau curves of a cer- 
tain fifth order Feynman diagram. These acnodes 
are investigated in cases in which the lines of the 
graph are either pions or nucleons and in these 
cases are shown to give no singularities on the 
physical sheet. To find the Landau curves, the in- 
ternal momentum vectors of the diagram have 
been parameterized. 
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BETA-GAMMA PHASE TRANSFORMATION IN SOLID He® 


J. P. Franck* 
Division of Pure Physics, National Research Council, Ottawa, Canada 
(Received November 14, 1961) 


It was reported recently by Schuch and Mills’ 
that solid He* at a temperature of about 18.75°K 
and close to the melting line has a face-centered 
cubic structure. This new phase has been desig- 
nated the y phase. It was obvious from this result 
that solid He*, like solid He*,”** must exhibit a 
phase transformation from the hexagonal close - 
packed 8 phase to face-centered cubic structure. 
In this laboratory we are currently carrying out 
measurements of the specific heat of He*® and He* 
at high densities in the temperature range 3 to 
30°K. As part of this program a calorimetric in- 
vestigation of the 8-y phase transformation in 
solid He® was made. From this the B-y phase 
boundary close to its intersection with the melt- 
ing line was established. In addition the latent 
heat of transformation was obtained. Both results 
were used in order to calculate the change in en- 
tropy and molar volume upon transformation. 

The apparatus used is an adiabatic calorimeter 
suitable for operation in the temperature range 3 
to 30°K. The helium sample is contained in a 
steel cell of 1.48-cm* volume. The cell is con- 
nected through a steel capillary of 0.1-mm bore 
to a high-pressure Toepler pump. A second cap- 
illary of the same bore leads to a small coil which 
is used as a rough pressure indicator. The helium 
is usually compressed into the cell near 20°K to 
the required density. The calorimeter is then 
rapidly cooled below the freezing temperature. 
While taking measurements both capillaries are 
thermally anchored to a liquid helium bath. In 
this way the capillaries are blocked by a plug of 
solid helium. The measurements are therefore 
made at virtually constant volume. 


Temperatures are measured with an Allen-Brad- 
ley carbon resistor which is calibrated against the 
vapor pressures of hydrogen and helium near their 
normal boiling points. Clement’s two-constant in- 
terpolation formula* is used. It is known’® that this 
formula leads to deviations from true temperature 
of the order of 0.01°K near 18°K. 

The transformation was investigated in two heli- 
um samples of different molar volume. As the 
samples were held at constant volume melting took 
place over a finite temperature interval. The tem- 
peratures at the onset of melting, T,,, could be 
obtained from heating curves and were used for 
characterizing the samples. From this tempera- 
ture the pressure P,, at the onset of melting and 
the molar volume V could be calculated by using 
the data of Grilly and Mills®’’ (see Table I). The 
amount of helium in the cell was calculated from 
V and the calibrated cell volume. The tempera- 
tures of the phase transition was obtained by tak- 
ing heating curves at constant energy input. A 
typical example is shown in Fig. 1. The transi- 
tion temperature was taken at the point where the 
heating curve first deviates from a straight line. 
Thermal as well as instrumental relaxation prob- 
ably obscured the natural width of the transition. 
Several determinations were made for each sam- 
ple; the results are listed separately in Table I. 

The specific heat of both samples was deter- 
mined in the vicinity of the transition tempera- 
ture. It was found that the specific heat below 
and above the transition forms a continuous curve 
within the experimental error of about 1%. The 
Debye temperatures 6p at the transition are 
105.7°K for sample 1 and 109.2°K for sample 2. 
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Table I, Transition temperature Tty, latent heat L, and transition pressure Pty for BHe? - yHe’®, 
Sample -. 2 L, cal/mole P.. stm 
tr tr 
No. 1 17.803 0.068 
Th =17.95°K 17.803 0.071 
r. = 1629.1 atm 17.778 0.061 
V =11.70 cm’/nole 17.815 
Average: 17.800 +0.015 0.067 +7% 1626.8 
No. 2 
Fa =18.67°K 17.879 0.065 
“ =1728.5 atm 17,877 0.068 
V =11.56 cm’/mole 0.067 
Average: 17.878 +0. 015 0.067 +2% 1715.7 





In addition to this, the average specific heat was 
measured for temperature intervals that included 
the complete phase transition. The heating inter- 
vals were varied between 0.15 and 0.27°K. An ad- 
ditional heat capacity, when compared with the 
interpolated specific heat from outside the transi- 
tion, was observed in these intervals and attrib- 
uted to the latent heat of transition. The results 
of all determinations are listed separately in Ta- 
ble I. As the latent heat L is determined as a dif- 
ference of two big quantities, the scatter in L is 
rather large. 

The pressure Pty at the transition temperature 
Ttr can be obtained from the pressure at the on- 
set of melting by the relation: 


Tey Tey 
-P =f" (ep/et)ar= f ™ (as/av) a7. 
tr m Tne V on T 


¢.* + 17.94 
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FIG, 1. A heating curve showing the £-y transition 
in solid He® at a molar volume of 11.56 cm*/mole. 
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This makes use of a Maxwell thermodynamic re- 
lation and the quantity (8S/8V)7 is known experi- 
mentally. The difference Ry, -P,, is -2.3 atm 
for sample 1 and -12.8 atm for sample 2. 

The phase diagram in the pressure-temperature 
plane is given in Fig. 2. Here the melting line is 
taken from the data of Grilly and Mills.” The in- 
tersection of the 8-y phase boundary with the 
melting line is found at T =17.780+ 0.015°K and 
P=1608+2 atm. The slope of the phase boundary 
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FIG. 2. The phase diagram of He’ in the vicinity of 
the 6-y transition, 
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is dP/dT =1140 atm/deg. 

The change of entropy AS and of molar volume 
AV upon transformation can be derived from the 
Clausius-Clapeyron equation using the experimen- 
tally determined values of dP/dT, L, and Tty. 
This gives AS=0.0041 cal/mole deg, and AV =1.4, 
x10“ cm*/mole. AV constitutes 1.2,x10°% of 
the molar volume. 

It may be added that the corresponding transition 
in solid He* (aHe* -8He*) has also been observed 
in a previous experiment with this apparatus. The 
transition occurred at 14.99°K for a sample of mo- 
lar volume 11.77 cm*/mole. The latent heat of 
transition was 0.060 cal/mole. 

The author wishes to acknowledge the constant 
help and encouragement received from Dr. J. S. 


Dugdale. 





*National Research Council Postdoctorate Fellow. 
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PRECISE OBSERVATION OF THE PROFILE OF THE FRAUNHOFER STRONTIUM RESONANCE LINE. 
EVIDENCE FOR THE GRAVITATIONAL RED SHIFT ON THE SUN 


J. E. Blamont and F. Roddier 
Service d’Aéronomie, Observatoire de Meudon, Seine et Oise, France 
(Received November 15, 1961) 


We wish to report a measurement of the profile 
of the solar strontium resonance line *P, -*S,, 
4607.3 A, by a method permitting high resolution. 
Observation of this proiile on the limb of the Sun 
as well as the center of the disk permits an unam- 
biguous separation of wavelength shifts caused by 
mass motion on the Sun and the gravitational red 
shift. The shift attributable to the relativistic ef- 
fect is found to be very close to the theoretical 
value. The success of this observation of the red 
shift is due to the fact that in this experiment at- 
oms are used as a clock both on the Sun and the 
Earth. This removes errors made in wavelength 
calibration. 

In our method of spectroscopic analysis the light 
to be analyzed excites the optical resonance of the 
vapor of a metal. The intensity of the light re- 
emitted by the vapor, proportional to the incident 
intensity, is measured at right angles to the excit- 
ing beam by a photomultiplier. The scattering 
frequency is shifted by applying a magnetic field 
to the vapor. The variation in intensity of the re- 
emitted light as a function of the field gives the 
profile of the exciting light. We have used this 
method on the D lines of sodium of the twilight 
glow,’ the study of sources in the laboratory,’ the 
fluorescence of the Moon and Venus,® and the de- 


tection of the dayglow.* 

In order to study the profile, it is necessary to 
use only one component (through a circular ana- 
lyzer) of a resonance line with normal Zeeman 
effect and without hyperfine structure. We have 
operated on an atomic beam of strontium in order 
to minimize the width of the absorption line. This 
beam and the discussion of its use on solar light 
have been discussed earlier.°® 

The strontium (Fig. 1) is placed in a steel ves- 
sel heated to 600°C in a silica tube, water-cooled 
at the end. Two diaphragms delimit the beam 
whose half-aperture ratio is 4. The metal beam 
passes through an observation chamber where it 
is excited by a light beam of half-aperture-angle 
#- The excitation can be caused by a white light 
source or by the light coming from an image of 
the Sun, of diameter 11 cm, formed by an objec- 
tive of 30-cm diameter. The angle used on the 
Sun varies from 30” to 1’. A mirror is used to 
observe the light emitted parallel to the magnetic 
axis; the half-angle of observation is * in order 
to remove mixing with 7 components. Stray light 
is measured with the metal beam turned off. The 
ratio of intensity of stray light to resonance light 
is 1 to 3; of resonance light to noise, 20 to 1. 

The beam geometry is such that the Doppler 
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shape of the absorption line has a theoretical 
width of 8x10~* A. But at an oven temperature 

of 550°C and above, the width of the profile is in- 
creased to 10~° A at 550°C and 2x107° A at 640°C 
by self-absorption of the light in the dense beam. 
We have traced a curve of growth (re-emitted en- 
ergy as a function of the beam density for white 
light excitation) and conclude that at our tempera- 
ture we explore the solar spectrum with a saturat- 
ed profile of (1 to 2) x107° A half-width. 

When the beam is excited by a white source, the 
intensity re-emitted would be invariant with the 
field if the beam were optically thin. This is not 
the case and because of multiple scattering effects 
which we have discussed elsewhere,’ the intensity 
varies with the field. The response of the beam 
has to be calibrated with a white light source be- 
fore any spectrum is taken. Solar observations 
have been corrected for this white light effect, 
measured in every experiment since it depends 
on the beam density. The order of magnitude of 
the effect is 5 to 10% for 10° gauss. 

At the center of the solar disk, the intensity at 
the line bottom is 40% of the continuum intensity, 
just reached at 10* gauss, much less than the 60% 
indicated by the Utrecht Atlas. The line is strong- 
ly asymmetrical; the line shape varies from day 
to day due to observation of different solar re- 
gions, but the axis of the line (middle of horizontal 
chords) is extremely regular [Fig. 2(a)]. The in- 
dicated shifts towards the red are corrected for 
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relative motions of the earth. Observed fluctua- 
tions around the given values can amount to 107° 
A. The theoretical value of the gravitational red 
shift is 9.76x107° A. The observed shift at the 
bottom is very near the relativistic value. 

At the limb of the solar disk (1’ of arc from the 
edge) the intensity at the bottom is 55% of the 
continuum intensity. The line axis has a com- 
pletely different shape than at the center [Fig. 
2(b)|. At the line bottom the axis stays vertical 
at a constant value shifted towards the red by 12 
x10-° A. This value finds a complete interpreta- 
tion if we add to the mentioned relativistic shift 
the pressure red shift of the Lindholm effect. 
Lindholm’s theory,® good enough for a resonance 
line, predicts a shift of 2.4x10~° A for the con- 
sidered line with T =5700°K and 10°” hydrogen at- 
oms/cm*. The theoretical red shift is thus 12.16 
x 107° A which is exactly the experimental value. 

This means that at the center of the disk the 
measurements are affected by a third effect, a 
violet shift, which may be due to convective mo- 
tions. This effect taking place at a certain depth 
is naturally displaced towards the continuum for 
the limb observations. If we superpose center 
and limb profiles, keeping the ratio of intensities 
constant, the two axes coincide on some interval. 
This asymmetry has been predicted by Schriter’ 
in a model which reduces the photosphere to a 
mixture of hot ascending and cool descending cur- 
rents whose speeds vary with altitude. The line 
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FIG. 2. Two profiles obtained 
August 5, 1961, between 16. 00 
and 17.00 U.T. (a) Center of 
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GRAVITATIONAL INSTABILITY OF A MAGNETIZED PLASMA 


B. Lehnert 
Royal Institute of Technology, Stockholm, Sweden 
(Received October 26, 1961; revised manuscript received November 30, 1961) 


The instability of a plasma which is supported 
under gravity by a magnetic field has earlier been 
studied by Kruskal and Schwarzschild’ and by Ro- 
senbluth and Longmire? who found that density 
perturbations were growing at an exponential rate. 
Later investigations** indicated that the instabili- 
ty could be suppressed, or at least reduced in its 
growth rate, for sufficiently small density gradi- 
ents. A different mechanism for its suppression 
has recently been based on the effects of the finite 
Larmor radius.°® 

In the present report the problem will be recon- 
sidered in terms of the fluid equations. We assume 
a two-dimensional case with a homogeneous, mag- 
netostatic field B in the z direction of a rectangu- 
lar coordinate system, a homogeneous gravitation- 
al field g in the y direction, and a plasma with the 
unperturbed density distributions of ions and elec- 
trons given by N(y). The perturbed densities of 
ions and electrons are nj=N +n; and ng=N+ie, 
where nv; and vig are small compared to N. The 
electric field E consists_of the unperturbed part 
E, and the perturbation E. Ions and electrons are 
assumed to have mass velocities v; and Vg situated 
in the xy plane. 

Among the approximations to be made the in- 
ertia of electrons will be neglected since the elec- 
tron mass ”¢ is much smaller than the ion mass 
m;. The center of mass of the plasma is assumed 
to be at rest in the unperturbed state and only 
small mass velocities of the ions are considered 
where (v;-¥)v; is unimportant. Further, we as- 
sume small ratios between particle pressure and 
“magnetic pressure” and small characteristic 
velocities compared to the speed of light c in such 
a way that W; and We«<V4<c, where W; and Weare 
the thermal velocities of ions and electrons and 
Va is the Alfvén velocity. Then, the influence of 
the induced magnetic field on the drifts of the den- 
sity distributions is negligible and the electric 
field can be expressed by E= “Vo. We also as- 
sume the characteristic length |N/N’| (with 
N’=dN/dy) of the unperturbed density to be much 
larger than the characteristic lengths L, =27/k, 
and Ly =27/k, of the density perturbation, which 
in their turn should be much larger than the ion 
and electron Larmor radii p; and pg. Finally, 
the unperturbed thermal velocity spectra of ions 
and electrons are supposed to be peaked around 
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the constant values W;9 and Weq and to give rise 
to scalar pressures 3m; Wj;9°N and 3 meWeo?N 
which are isotropic in the xy plane. Collisions 
are neglected. The equivalent magnetic moment 
of a gyrating particle is then constant at least in 
first order® in the ratios p;(1/L,+ 1/Ly) and 
Pe(1/L,+1/Ly). Since B is constant, the “ther- 
mal” energies 5 ;W;? and }meWe’ as well as pj 
and pe will then also be constant in the same or- 
der in the perturbed state. 


With these starting points, conservation of mat- 


ter and momentum is expressed by 


an ./dt+div(n.V.)=0; on /at+div(m ¥ )=0, (1) 
i ii e ee 


and 


nV ,=n EXB/B*+m ng xB/eB 
- Up. xB/eB*-m n (av ./at) x B/e B?; 
i ‘eS 
(2) 
_—s i _s - 2. = a. 2 oe - 2 
nV, nF x B/B m ng x B/e B* + VP. xB/eB*, 
(3) 
where the scalar pressures are p; = 5 m;W;*n; 
and pp=3 "eWe"ne. Off-diagonal elements of the 
pressure tensor which arise from the perturba- 
tion have been neglected in Eqs. (2) and (3). 
From Maxwell’s equations we obtain 


curl B/ by =eMv.-n Vv) +e (OE/ at), (4) 


where yp, is the magnetic permeability and e, the 
dielectric constant in vacuo. A divergence op- 
eration on Eq. (4) yields in combination with Eq. 
(1) 

ii, = ~(€,/e)¥*o, (5) 
when %; - Ag and ¥* are supposed to vanish in 
the initial state. 

The unperturbed electric field is determined 
from Eqs. (2) and (3) and the condition that the 
center of mass should be at rest: 


_ - - 2 al = ~_ 

Eo (mM 0 /2eN)VN m g/e, (6) 
when the thermal energy of electrons does not 
exceed that of ions very much. An electromag- 


netic force eN(¥;9- Veo) xB balances the gravita- 


tion and pressure forces in the unperturbed state, 


VoLU 


wher 
ties. 

Th 
distr 
genc 
with 

are } 


witl 
“ie 
rad 
con 


whe 
has 
lar 


tw 





15, 19 | VoLtuME 7, NUMBER 12 PHYSICAL REVIEW LETTERS DECEMBER 15, 1961 





where vi0 and Ve0 are corresponding mass veloci- lation of the term leading to the condition (11). 

ties. Thus, at least in the present approach, the sta- 
The drift motion and compression of the density bility criterion is not given by condition (11) but 

distributions can now be determined‘ from a diver- becomes instead y<} as deduced earlier.*;* The 

gence operation on Eqs. (2) and (3) in combination cancellation is due to the last term in Eq. (7) 

‘e rise | with Eqs. (1) and (6). If terms up to second order which represents the inertia of the electric cur- 


e0Q°N are retained, rents produced by the perturbed density gradients. 

sions In the limit of small N’ the nontrivial solution of 

oment on, N’ 86 an. €,_ 2 _ an . the frequency now reduces to w=a. 

“ in oe tae - ta ar” 8Pe0 rye (7) It remains to investigate whether a treatment 

of gravitational instability by direct application of 

‘ther- the Boltzmann equation, as has been done by 

as pj an N’ad an Rosenbluth et al.,° gives additional information 

1€ or- — een (u.-u. =. (8) beyond that obtained from the present approach. 

ot Bax “ff ite ox In particular, Rosenbluth’ has pointed out that 

of mat- the off-diagonal elements of the pressure tensor 
with ug = Pj9 w4N’/N, wji=eB/m;, €;=Nm;/B*, give contributions which do not vanish when the 

, ()) 4ie=8/ i» and p;g is the unperturbed ion Larmor relations corresponding to Eqs. (2) and (3) are 
radius. We observe that €9/e;=V,4?/c?«1 and subject to a divergence operation. This may 
combination of Eqs. (5), (7), and (8) yields change the results obtained here. 


At the present stage it should only be pointed 
_ 8 out that the asymptotic frequency w = a = 2muje/Ly 

ox at cSle =0, (9) for small gradients N’ and small driving forces 
a 7 bts is physically plausible because the density clouds 
(2) where u) = 3pjQ"eN’/€;B, G=ujew;N /N, and use would then have time to move through each other 
has been made of the fact that |N/N’I is much and produce pulsations of the frequency a without 





fe 9? ( KZ 
Vi—s- fu. -u.tu_)V 
af? ie f » 


2 P : 
B - larger than the characteristic lengths L, and Ly. changing noticeably during a period Ly /uje. On the 
~~ ote preies of the form expli (ex +hy) other hand, the earlier solution® which leads to the 
Ly +wt)], Eq. (9) gives asymptotic frequency w = -}f+iw sy depends upon 
f the w=3(a-f+r)+ 4[(a-f+r)?-407y }”, (10) N’ and cannot be understood in the same way 
ba- from physical arguments, 





in which a@=k,u,,, Sak yur, A=kyuUy, and y= -G/ 
hy? +ky*)ujo*. 


‘sities ‘mM. D. Kruskal and M. Schwarzschild, Proc. Roy. 
If a and A within the parentheses could be perepacctioay aaa Pas Say 


Soc. (London) A223, 348 (1954). 





(4) dropped, Eq. (10) becomes identical with the re- 2M. N. Rosenbluth and C. L. Longmire, Ann. Phys. 
sult deduced by Rosenbluth et al.° for ky=0. The 1, 120 (1957). 
the corresponding stability condition would then be- ~ 3B, Lehnert, Phys. Fluids 4, 525 (1961); 4, 847 
"= come® (1961). 
2 ; 4B. Lehnert, Conference on Plasma Physics and Con- 
a.  pON /N) > 40, /W 5 (11) trolled Nuclear Fusion Research, Salzburg, September, 
1961 (unpublished), Paper CN-10/3. 
(5) where the growth rate wy=(a?y)” represents that 5M. N. Rosenbluth, N. A. Krall, and N. Rostoker, 
given by the earlier theory.” In addition, in the Conference on Plasma Physics and Controlled Nuclear 


Fusion Research, Salzburg, September, 1961 (unpub- 
lished), Paper CN-10/170. 
6M. D. Kruskal, Project Matterhorn Report PM-S-33, 


limit of very flat density distributions, i.e., when 
N’ is very small, the frequency would become 


| =~ ft iw. NYO-7903, 1958 (unpublished). 
However, the terms a and ) are of the same ™. N. Rosenbluth (unpublished); a private communi- 
order as f and cannot be dropped. From the pres~- cation on this question is gratefully acknowledged by the 
ent definitions : =f and there is an exact cancel- author. 
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ION-PAIR RESONANCE MECHANISM OF ENERGY TRANSFER 
IN RARE EARTH CRYSTAL FLUORESCENCE 


F. Varsanyi and G. H. Dieke 
Physics Department, The Johns Hopkins University, Baltimore, Maryland 
(Received November 22, 1961) 


Considerable detail about the interactions ina 
solid can be obtained if this solid has an ab- 
sorption or fluorescence spectrum with sharp 
lines. As crystals with complicated structure 
present too many possibilities, we have endeav- 
ored to study the situation in relatively simple 
lattices and have found hexagonal LaCl, particu- 
larly useful, where the La** ions are partly or 
entirely replaced by a different rare earth ion. 

These crystals show bright fluorescence from 
relatively stable levels of the ion. The behavior 
of the fluorescence spectrum when the crystal is 
illuminated by monochromatic radiation of chang- 
ing frequency’ presents a possibility of elucidat- 
ing the fundamental processes which govern the 
transfer of energy within the crystal and the in- 
teraction between photons and crystal energy 
levels. 

It appears that for the interpretation of some of 
the observed phenomena a cooperation of pairs of 
ions is necessary. The following experiment 
shows that one photon can excite two ions simul- 
taneously. 

When pure PrCl, is illuminated with light of 
frequency 20475 cm™, the *P, state is excited 
and fluorescence from this level is observed. 
The same fluorescence spectrum is observed 
when the frequency of excitation is changed so 
that higher electronic levels *P,, J,, and °P, 
are excited. The energy difference between 
these levels and *P, is transferred to the lattice 
with a very short relaxation time. The full en- 
ergy level diagram of Pr**(4f?) is shown on Fig. 
l. 

The striking thing is that the same fluorescence 
spectrum is observed at definite excitation fre- 
quencies larger than that necessary to excite the 
’P, state, in a region where it is definitely known 
that there cannot be any absorption lines of a sin- 
gle Pr** ion. A representative portion of the ex- 
citation survey plate is reproduced on Fig. 2. 

The frequencies where fluorescence is excited 
agree closely with frequencies necessary to ex- 
cite simultaneously one Pr** ion to the °P, state 
and a second ion to one of the lower excited states. 
This is shown by the following relations, where 
the number between parentheses shows the ob- 
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FIG. 1. Energy levels of Pr*®*(4f?).. The width of 


the lines indicates the Stark splitting in a LaCl, crystal. 


The diagram is complete with the exception of one 'S, 
level which is predicted above 50000 cm~ by calcula- 
tions. 


served excitation frequency. All observed fre- 
quencies in this spectral region are included in 
the table and the agreement, 
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Portion of the excitation survey plate taken 


FIG. 2. 
at 4. 2°K with a 100% PrCl, crystal. Any horizontal 
strip displays a fluorescence spectrum excited by the 
energy as marked on the right. Numbers in parenthe- 
ses are the crystal quantum numbers of the respective 


Stark levels. Parts of two single-ion energy level di- 
agrams are shown on the left to indicate the mechanism 
of excitation in a region with no single-ion levels. 


8p.+3H,=20475+  0=20475 cm™, (20500) 
8p, +8H,=20475+ 2115= 22 590 em™, (22 700) 
3p, +3H,= 20475+4230= 24705 cm™, (24700) 
Sp, +3F, = 20475 +4922 = 25397 cm, (25400) 
$p,+°F,= 20475 + 6303 = 26778 cm™, (26 800) 
Sp, +3F,=20475+6700=27175 cm™, (27200) 


is perfect within the limits of measurement. 

The simultaneous excitation of two ions cor- 
responds classically to the appearance of com- 
bination frequencies when two oscillators of dif- 
ferent frequencies are linked by nonlinear forces 
sufficiently weak not to affect the frequencies 
seriously. 

Optical phenomena which involve two or more 
crystal ions have been studied before. Schawlow, 
Wood, and Clogston* have explained the appear - 
ance of satellite lines in ruby as due to the reso- 
nance interaction of neighboring identical Cr** 
ions. Related are also the phenomena investi- 
gated in the field of sensitized luminescence’ of 
phosphors. 

The interaction of ion pairs also plays an im- 
portant role in the dissipation of energy within 
the crystal. If a level X above a stable fluores- 
cent level F is excited, fluorescence from F is 


observed and the difference X-F is used for mul- 
tiple phonon excitation. If X-F becomes too large, 
the energy is not transferred directly from X to F 
and X becomes a stable fluorescent level. Our 
recent experiments have shown that if X-F ap- 
proaches the excitation energy of a low level of 
another ion, the transfer again takes place, that. 
is to say fluorescence from F is again observed. 
The difference X-F is then used to excite the 
second ion. In Er** this is found when X is ap- 
proximately 6700 cm™ above F. The energy of 
the first excited state is Y=6690 cm. 

In the classical picture this process corre- 
sponds to the emission of radiation of the dif- 
ference frequency of two coupled oscillators with 
frequencies X and Y. 

This type of ion-pair interaction in fluores- 
cence has been observed throughout the whole 
rare earth series and explains some peculiari- 
ties of the observed fluorescence. For the light- 
er rare earths the lower states are relatively 
close together so that the regions of phonon and 
ion-pair interaction overlap. This means that 
generally there is cascading from the higher ex- 
cited states to the lower ones and only relatively 
few fluorescent levels exist. For the heavier ions 
the lowest excited state is generally several thou- 
sand cm™ above the ground state, which inhibits 
cascading in many cases. The experimental de- 
tails will be given later. 

The ion-pair resonance mechanism may play 
an important part in the optical pumping for 
maser materials. It has given rise to a num- 
ber of questions which are now being studied 
experimentally. Effective optical pumping in- 
to infrared levels with ultraviolet light and with- 
out necessarily heating the lattice is accomplished 
in the Pr** case described above. The surplus 
energy is emitted in the visible. Similar proc- 
esses involving dissimilar ion pairs are also 
possible. 





'F, Varsanyi and G. H. Dieke, J. Chem. Phys. 31, 
1066 (1959). 

2a. L. Schawlow, D. L. Wood, and A. M. Clogston, 
Phys. Rev. Letters 3, 271 (1959). 

°D. L. Dexter, J. Chem. Phys. 21, 836 (1953); Phys. 
Rev. 108, 630 (1957); the first of these also contains 
many references. 
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OPTICAL MASER ACTION OF Nd** IN A BARIUM CROWN GLASS 


E. Snitzer 
American Optical Company, Southbridge, Massachusetts 
(Received November 6, 1961) 


Since the original suggestion for an optical 
maser,’ maser oscillations have been reported 
in a number of crystals? and in the gas mixture 
of He-Ne.” This Letter describes a glass optical 
maser which operates at room temperature and 
contains trivalent neodymium as the active ion. 
The output consists of a number of sharp lines 
in a wavelength interval of about 30 angstroms 
centered at approximately 1.06 microns. 

Concentrations of Nd,O, varying from 0.13 to 
2.0 weight percent were added to a barium crown 
glass whose composition is 59 wt.% SiO,, 25% 
BaO, 15% K,O, and 1% Sb,O,. The glass has a 
density of approximately 3 and a nominal index 
of refraction of 1.54. Because of the 4f° elec- 
tron configuration is well shielded in Nd**, the 
term values are virtually the same as one would 
find in a crystal or the free ion. The energy level 
diagram is easily identified by reference to the 
spectrum of NdCl,.*° There is an absorption at 
880 mu which is due to the transition from the 
‘Ty. ground state to the *F,, level, which is the 
level from which the fluorescence originates. 
There are other absorption lines in the visible 
and near infrared; the strongest one is at 580 
my. The *Jy. 112,132 levels are the terminal 
states for spontaneous emission which give broad 
lines (several hundred angstroms wide) at 0.88 yu, 
1.06 u, and 1.3 yw. From the absorption and flu- 
orescent spectra the lifetime for radiative decay 
from the *F,, state was calculated to be about 0.6 
msec. The measured lifetime is 0.56 msec, which 
indicates a high quantum efficiency for fluores- 
cence from the *F,, state. 

The quantum efficiency, as determined by the 
lifetime, was checked in eight different glass 
bases and for a number of concentrations of Nd. 
The barium crown was selected because it gave 
the longest lifetime for fluorescent decay. There 
was only a barely perceptible concentration 
quenching for 2 wt.% Nd,O,. The quantum effi- 
ciency rapidly decreased for higher concentra- 
tions; for 10 wt.% Nd,O, in barium crown the 
lifetime is less than 0.15 msec. 

The glass samples were in the form of clad 
rods. Two cross sections were investigated, 
0.012 in. and 32 microns in diameter. The clad- 
ding was an ordinary soda-lime-silicate with an 
index of refraction of 1.52. The samples were 
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3 in. long and the polished ends partially silvered 
for 2% transmission. 

There were several reasons for using clad rods, 
While glass can be made with excellent optical 
quality, this requires large melts. In the experi- 
mental program of glass investigation that was 
carried out, the usual melt size was one pound. 
It is difficult to get such small glass melts free 
from stria and other imperfections. Even though 
the core glass was of poor optical quality, a clad- 
ding of lower refractive index can improve the 
mode properties. 

First, some mode selection is provided by the 
small numerical aperture of the fiber if the in- 
dices of core and cladding are close to one anoth- 
er. Second, the good optical interface between 
the core and the cladding for a drawn glass fiber 
can provide high-Q surface wave modes. There 
is evidence for both types of modes being excited 
in maser oscillations in the clad Nd glass rods. 

Because of the relatively strong and narrow ab- 
sorption lines in Nd**, the pumping light does not 
penetrate very far intothe sample. This suggests 
a small cross section for optimum pumping. A 
thick cladding makes it easier to handle small di- 
ameter samples. Also, the cladding glass acts 
as an immersion medium which increases the 
pumping flux density by about 50%. 

Figure 1(a) shows the output as a function of 
time near threshold for the 0.012-in. diameter 
rod of 2 weight % Nd,O, in the barium crown. The 
sample was illuminated by a G.E. FT524 flashtube 
with 75 microfarads charged to 2.0, 2.2, 2.4, and 
2.6 kv, respectively, for the four curves shown. 
The time scale is 10™ sec/division. Just above 
threshold there is a slow buildup of light, giving 
the hump shown at about 200 microseconds after 
the initiation of the flashtube light. At about 50% 
above threshold, “ringing” is observed in the out- 
put. Figure 1(b) shows this when pumping the 
same rod with an E.G. and G. FX-33 flashtube 
through which 50 watt-seconds was discharged. 
The 32-micron diameter fibers show substantially 
the same threshold as the 0.012-in. rod. 

The 0.13 wt.% Nd,O, in barium crown samples 
do not show ringing when illuminated with the max- 
imum light available from the FT524. However, 
maser action is suggested by the appearance of a 
hump in the light output versus time curve for 
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(a) 
(b) 
~ 48 sR 
“a SP oi 
FIG. 1. Light output as a function of time from a 


clad 0,012-in. diameter rod of 2 wt. % Nd,O; in the bar- 
ium crown glass. (a) The time trace when pumped by 

a G.E. FT524 with 75 microfarads charged, respec- 
tively, to 2.0, 2.2, 2.4, and 2.6 kv. (b) The ringing 
produced by pumping with 50 watt-sec from an E.G, 

and G. FX-33. 


discharges of the FT524 in excess of about 3000 
watt -seconds. 

In Fig. 2 is shown the end of the 0.012-in. rod 
for a single flash with the FX-33 light level at 
10% above that required for ringing. The pic- 
tures were taken by use of an infrared image con- 
verter with an S-1 surface. The circular ring is 
at the interface between the core and cladding. 





FIG. 2. The image of the end of a clad 0.012-in. 
diameter rod when pumped with 35 watt-sec from an 
E.G.G. FX-33 flashtube. 


Just at threshold for ringing, only the spot shown 
by the arrow appeared. As the pump power was 
increased, the spot extended to the ring. Still 
further increase of pump light gave the interior 
filament. Finally, well above threshold the whole 
fiber was illuminated, but still with the surface 
wave modes appearing to be more strongly excited. 
For the 32-micron diameter fiber, threshold ma- 
ser oscillations gave a uniform ring at the sur- 
face; and well above threshold the center of the fi- 
ber was filled in with light. Not all of the rods ex- 
amined showed the surface waves at threshold. 

. The parallelism of the ends was not found to be 
critical. For the 3-in. long rods of 0.012-in. di- 
ameter with parallelism to 20 seconds or paral- 
lelism to only 6 minutes of arc gave the same 
threshold value. Various length samples were ex- 
amined. There was no change in threshold power 
for lengths down to 2 cm. At 1 cm the threshold 
power doubled. Assuming a 5% absorption for the 
silver films on the ends with 2% transmission, 
this would indicate a Q of 10° due to scattering 
along the length of the rod. This corresponds to 

a 50% attenuation in the rod in about 8 inches. 
With better optical quality glass this should be im- 
proved. Measurements made on good fibers used 
in fiber optic devices have a 50% loss in about 
seven feet. 

Figure 3 shows the spectrum of the maser out- 
put of one of the 0.012-in. rods taken on Kodak 
type 1-Z plates with a 3.4-meter focal length, 
plane grating spectrometer with a dispersion of 
4.8 A/mm. Twenty 100-watt-sec flashes of the 
FX-33 flashtube were required. Except for small 
details the spectrum was reproducible in a given 
sample. From sample to sample the most intense 
lines occurred in about the same place, but the 
number of lines and the wavelength interval over 
which they occurred varied by a factor of two. 
The normal fluorescent line is about 200 A wide 
with no indication of lines within this interval. 





1.061 1.062 


A(~A) 


FIG. 3. The maser spectrum of 2 wt. % Nd,O, in a 
barium crown glass. 
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The lines in the maser spectrum could be due 
either to the properties of the glass or to the effect 
of maser action in a resonant cavity. If the Nd*° 
ions are in a limited number of well-defined atom - 
ic sites in the glass many lines could result,® sim- 
ilar to the satellite lines found in red ruby.® Al- 
ternatively, the lines could be due to the effect of 
the resonant cavity which gives standing waves 
only at discrete wavelengths. 

The writer gratefully acknowledges the help 
given by R. Young for making the glass samples, 
Dr. H. Jupnik for the evaporations, E. Dixon for 
the studies on various length samples, and F. Hoff- 
man for competent technical assistance during the 
measurements phase of this work. 
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EXPERIMENTAL OBSERVATION OF A NEW REGION OF NUCLEAR DEFORMATION* 


Raymond K. Sheline, t Torbjgrn Sikkeland, and Richard N. Chanda 


Lawrence Radiation Laboratory, University of California, Berkeley, California 
(Received November 20, 1961) 


The nuclear periodic table has three or possibly 
four regions where nuclei have been experimental- 
ly shown to be deformed, namely A =19 to 28 and 
150 to 190, A >222, and possibly A~8. The work 
presented in this Letter gives experimental evi- 
dence for an additional region of deformation. 

Figure 1 is a schematic representation of the 
nuclear periodic table in which previously ob- 
served regions of nuclear deformation are labeled 
2, 4, 5, and 6. UptoA =40, the line of beta sta- 
bility of the nuclear periodic table involves nuclei 
whose neutron and proton numbers are about the 
same. Therefore, the first limited regions of de- 
formation, labeled 5 and 6 in Fig. 1, have N=Z. 
Above A =40, however, the line of beta stability 
shifts toward a higher neutron ratio. Consequently 
the neutron and proton shells are somewhat out of 
phase until one reaches the rare earths and acti- 
nides, where extended regions of deformation are 
observed because the 50- to 82-proton region is 
approximately in phase with the 82- to 126-neutron 
region and the 82- to 126-proton region with the 
126- to 184-neutron region. On the other hand, 
though highly neutron-deficient and correspond- 
ingly unstable, the regions labeled 1 and 3 in Fig. 
1, where N=Z, should contain deformed nuclei. 
We have concentrated our effort in region 1. 

In order to study the energy levels of nuclei in 
region 1, it was necessary to discover a number 
of new La and Pr nuclides. We will report here 
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FIG. 1. Schematic representation of the nuclear peri- 
odic table showing the neutron (vertical solid lines) and 
proton (horizontal solid lines) closed shells. The dashei 
vertical and horizontal lines represent semiclosed 
shells, which have an effect on regions of deformation. 
The thin banana-shaped curve approximately encloses 
nuclei that have been experimentally studied. Regions 
where nuclei have been experimentally observed to be 
deformed are indicated with cross hatching. Additiond 
regions where it is reasonable to expect to find deformel 
nuclei are labeled 1 and 3, This research is concerned 
with region 1. This figure is patterned after one sug- 
gested by E. K. Hyde. 


only on those new nuclides whose mass number, 
half-life, and first excited state are relatively 
certain. 
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Table I. Nuclear reactions showing cross bombardments used to produce the nuclides, La!*®, La 


128 130 


» and La 





New nuclide Nuclear reactions 


Heavy-ion bombarding energy 
(Mev) 





In'45(9'* 5n)La!® 
Sb!21(c12 a 7n)La!*® 


In'45(o'6 : 3n)La!”® 
Sb!24(c!2 | 5n)La!”8 
Sb!23(c12 | 7) La!” 


Sb!21(c12 : 3n)La!*? 
Sb!23(c!2 y 5n) La!®® 


La! 


La!”8 


La!30 


94 


65 
84 


53 
84 





The simplest available method of proving that 
nuclei are deformed involves the production of 
odd-odd nuclei whose decay into daughter even- 
even nuclei gives a characteristic low energy for 
the first excited state and, if possible, a rotation- 
al band built on the ground state with spins 0+, 2+, 
4+,++- and ratios of energies to the first excited 
state 1.0:3.33:7.00--+. Accordingly, we have pro- 
duced the nuclei La’**, La’, and La’*° with half- 
lives of 1.0+0.3, 6.5+1.0, and 9.0+1.0 min, re- 
spectively. 

These La nuclei have been made in a variety of 
ways (see Table I), using the heavy-ion current 
of the Berkeley Hilac. A heavy-ion bombarding 
energy was chosen which would give maximum 
yield of a desired isotope. This energy (see Table 
I) was estimated by using Cameron’s mass table’ 
and by assuming the average kinetic energy of 
each emitted neutron to be 4 to 5 Mev. 

The reaction products recoiling out of ~1-mg/ 
cm’ self-supporting targets of In and Sb were 
caught in a 1.8-mg/cm? Pd foil which was then 
dissolved in hot aqua regia. With Ba as holdback 
carrier the La activities were precipitated in 
LaF, and the precipitate washed once with dilute 
HF. The procedure took about 1.7 min from the 
end of bombardment to the start of counting. 

When the same targets were bombarded by ions 
that produce elements below La in atomic num- 
ber, the chemical procedure separated only a 
small fraction of the activity. This suggests that 
the radiochemical purity of the sample was sat- 
isfactory. The purity was also checked by sepa- 
rating some of the La activities carrier-free by 
elution with ammonium a -hydroxy isobutyrate 


from a column of Dowex-50 cation-exchange 
resin. 





The mass assignments are also quite definite. 
Ih the first place, there is the evidence on the 


mass numbers from the cross bombardments 


Energy (kev) 


shown in Table I. In the second place the La!*® 
is shown to decay into a species that has a spec- 
trum identical* with that of Ba’*®. Finally, the 
La!*° emits a very strong 35644 kev gamma ray. 
A 359-kev gamma ray is observed? in the Cou- 
lomb excitation of Ba’*®. To verify the above 
mass assignments, we are now determining the 
excitation functions. 

The energy levels in the daughter nuclei Ba 
Ba'*, and Ba’*° are used to determine whether 
or not these nuclei are deformed. The first ex- 
cited state of the even-even Ba nuclides including 
Ba’**, Ba’, and Ba’* are plotted in Fig. 2. The 
lowering of the first-excited-state energy with 
mass number is similar to that observed in the 
normal rare earths. A more detailed analysis 
of these energies is therefore necessary. There 
are at least three ways to use the first-excited- 
state energy as a criterion for deformation. These 
are (a) a direct comparison between the energy of 


126 
’ 











l 1 1 1 i i 1 
124 126 128 130 132 134 136 


Mass number 





FIG, 2. First excited states of even-even Ba nuclides. 
The levels in Ba’”*, Ba’®®, and Ba’ are the results of 
this research. The dashed line shows (E9,)crit, the 
dividing point between spherical and deformed nuclei. 
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the first excited state and an (£5,).,i¢ Suggested In addition to gamma-ray singles spectra, gam. 
by Alder et al.,* (b) a determination of an empir- ma-gamma coincidences were also taken using 
ical deformation, Bemp from a relationship be- standard fast-slow circuitry and, in some cases, 
tween 4/4,j, and B 5 and (c) a comparison of a two-dimensional coincidence analyzer. Coinci- 
Bysio from the relationship of Migdahl.® These dences were found in the decay of each of the La 
three methods are utilized in Table II, where com- nuclides. However, the presence of the 511-key 
parisons are made with other nuclei with similar annihilation radiation tended to obscure coinci- 
deformations but from other regions of deforma- dence relationships, and it was not possible to fix 
tion. A comparison of Ba’**, Ba’”, and Ba**° with unambiguously the energy of second and/or third 
other deformed nuclei indicates that Ba’”® is like excited states in the Ba isotopes. However, if 
w'®*, Os'®*, and Ra*™*. Thus all of these nuclei one makes the simplest assumptions with the coin. 
have a first-excited-state energy less than cidence data, the results strongly favor a rotation 
(Eo,)crit and have very similar Bemp (0.19 to al band interpretation, and are inconsistent witha 
0.21) and Big (0.15 to 0.18). vibrational interpretation. Ratios of the supposed 
Similar statements apply to a comparison of second excited states are similar to those in Col- 
Ba!* to Os™® and Ra”**. On the other hand, both umn VIII of Table Il. Nonetheless, none of the 
Ba!*° and Os'®° seem to be in a transition region. spins of the supposed second excited states has 
Their first-excited-state energies are each higher been measured. Consequently, a satisfactory 
than the (E9,)crit, and each has Bemp=0.16 and proof of the existence of rotational states must 
BMig =0.12. Osmium-190 has a rotational band await complete coincidence analysis. 
which cannot be fitted well with the simple /(/+1) A trend similar to Fig. 2 for the first excited 
relationship but is fitted by the nonaxially symmet-_ states of even-even Ce nuclei has also been ob- 
ric rotator model of Davydov and Fillipov.” It served. However, in this case mass assignments 
seems very probable that Ba’*° would be very sim- and half-lives of the Pr nuclides are not nearly as 
ilar in this regard. certain. This evidence does tend to confirm the 





Table II. Comparisons between the nuclei Ba’, Ba!” | and Ba!® and nuclei from other regions of deformation. 





, 2 b 
. 2+ as 2+ crit ‘ d f 
Nucleus (kev) (kev) G/I5 B ; Ratios of energies in the rotational band 
rig emp 





Bal’ 256 279 0.251 
Bal = 279 272 0.225 
Ba!®® = «356 265 0.172 
Gd = 123 200 0.462 
138 196 0.333 
124 147 0.273 
137 147 0.247 
155 144 0.215 
188 142 0.174 
Ra’? = 111 110 0.228 
Ra?*4 108 0.295 
Th? 106 0.341 


° 
i) 
o 


0.25 1.0:3.02:5.84 
0.19 1.0:2.93:5.59 
0.17 1.0:3.28 

0.15 1.0:3.19:6.33 
0.14 ° 1.0:3.09 

0.12 1.0:2.93:5.60:8.89 
0.15 1,0:2.79:5.78 
0.18 1.0:2.98 

0.20 1.0:3.14:6.33 


KF ODwWoO So WwW OD w 


ooooooocooococococo 
° ° 
NNR RFK kK Ohh ee 


wo 





*-Throughout the table, energy values are taken from R. K. Sheline, Revs. Modern Phys. 32, 1 (1960) except the 
values for Ba'*, Ba'”®, and Ba!*® (reported herein) and Dy" [see E. P. Grigor’ev and B. S. Dzhelepov, Doklady 
Akad. Nauk 8.8.8. R. 135, 564 (1960); translation: Soviet Phys. —Doklady 3, 1243 (1961)]. 

values of (E 2+ crit = =13h? /I jg are given (see reference 3). This Eo erit is the criterion by which nuclei maj 
be assumed to be spherical [for Eo, > (E5,).,;4] or deformed [for Eo, <(E9,).,j¢]. Often the transition is not as 
abrupt as indicated by the single value. 

“Ratio of 4=30?/E», to 9,;¢=(2MARG/5)(1+ 0.316 ++), where Rg=1.2.4" x10-" em, 8 =1.08/A™, and MAis 
the nuclear mass. 

dsee reference 5. 

“values of Big are determined from 9= (2MAR,?/5)(2. 338 Mig- 0.1) (see reference 6). 

fExperimental deformations calculated from the available values of the transition probabilities for Coulomb exci 

tation. 
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existence of an extended region of deformation, 
however. The existence of the region of deforma- 
tion labeled 1 in Fig. 1 suggests that (a) it should 
be possible to observe deformed even-even Nd nu- 
clei and possibly also Sm nuclei with presently 
available heavy-ion beams, and (b) it is certainly 
feasible to observe a large number of deformed 
odd-A Ba, La, Ce, Pr, Nd, and Pm nuclides. The 
observation of odd-A nuclei in this region would be 
particularly interesting because it would allow as- 
signments of Nilsson orbits in this new region of 
deformation. 

Recent calculations on the equilibrium deforma- 
tions for nuclei in regions 1 and 3 on Fig. 1 indi- 
cate a considerable deformation in each region.® 
These calculations and this experiment should 
provide impetus to the observation of deformations 
in the neutron-deficient actinides, region 3 in Fig. 
1. Such experiments might be undertaken by the ob- 
servation of the a fine structure resulting from the 
decay of even-even nuclei produced from the follow- 
ing types of nuclear reactions: Pb?*(O"*, 8n)Th*!” 
and Hg’®°(Ne”°, 8n)Th?™. 

We are grateful particularly to Albert Ghiorso 
for his encouragement and help in all phases of 
this research, to Daniel O’Connell for the targets, 
to Roberta Garrett, Suzanne Hargis, and Beverly 
Isaacs for help with the chemistry and plotting, 
to the Hilac crew for their help during bombard- 


ments, to Charles A. Corum for the design of the 
target assembly, and to Almon E. Larsh, Alfred 
Wydler, and William Goldsworthy for help with 
the electronics. 
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ELASTIC AND INELASTIC SCATTERING OF HIGH-ENERGY PROTONS FROM HYDROGEN 


G. Cocconi,* A. N. Diddens, E. Lillethun, G. Manning,f 
A. E. Taylor,! T. G. Walker,? and A. M. Wetherell 
CERN, Geneva, Switzerland 
(Received November 20, 1961) 


Previous measurements’ of the momentum 
spectra of high-energy protons scattered from 
Be targets have shown the existence of an elastic 
peak? and of an inelastic bump* about 1 Gev/c be- 
low the elastic peak. This Letter describes meas- 
urements of p-p elastic and inelastic cross sec- 
tions using a CH,-C difference method, again 
with targets in the internal beam of the CERN 
proton synchrotron. These measurements were 
made at laboratory scattering angles close to 60 
mrad with incident proton momenta between 12 
and 27 Gev/c. 

The experimental arrangement was similar to 
that described in reference 1, but the geometri- 
cal resolution was improved from 1% to 0.6%, 
and the final energy of the circulating beam in 
the synchrotron was stabilized to better than 0.5%. 
The over-all number of recorded events in this 
experiment was increased by using simultaneously 
five similar independent counter telescopes. 

The CH, and C targets had the same surface 
density, about 1 g cm™~, and were flipped alter- 
nately into successive beam pulses. Counts ac- 
cumulated for each target were stored in sepa- 
rate sets of scalers. The integrated number of 
protons that interacted in each target was deter- 
mined at the end of each run by measuring the Be’ 
activity (half-life 53 days, 0.48-Mev y ray) pro- 
duced in each target. The cross section for the 
production of Be’ from C is constant at* 11 mb 
from 0.2 to 5.7 Gev and is assumed here to have 
the same value in the region from 12 to 27 Gev. 

The laboratory differential cross section for a 
p-p collision can be written as 


map" (; | (i) a(n) 
—~ nn=a aa = we A DAO’? 
dQdP Be'\=A CH, APAQ 


CH, 


Hh/Bly 


where 0p,7 is the cross section for producing Be’ 
from C, and ©A is the integrated number of Be’ 
nuclei produced during the bombardment. N is 
the number of protons counted in a solid angle AQ 
and a momentum interval AP for M counts in an 
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R, = 15.89 Gev/c 


Momentum Gev/c 


FIG, 1. Momentum spectrum of the protons from a 
CH, target and the CH,-C difference. All experimental 
points from the five telescopes are shown. 


intermediary monitor. <M is the integrated moni- 
tor count corresponding to ZA. 

Figure 1 shows a typical momentum spectrum 
obtained with a CH, target and the CH,-C differ- 
ence spectrum evaluated using Eq. (1). The ex- 
perimental points recorded in all five channels 
are included. Figure 2 shows the p-p spectra ob- 
tained after grouping the points in small momen- 
tum intervals. All the curves of Fig. 2 show a 
pronounced peak at the highest momenta, followed 
in general by two smaller peaks at lower momen 
The first peak is identified with p-p elastic scat- 
tering, as the energy lost by the scattered proton 
is in agreement, within an experimental accuracy 
of about 100 Mev, with that calculated. The irreg- 
ularities on the high-momentum side of some of 
the p-p elastic peaks are caused by incorrect sub- 
traction. These occur when several measuremels 
at different bombarding energies were made with 
one pair of targets and consequently an average 
value of R was used for all energies. A compari- 
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FIG. 2. Momentum spectra of 
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protons from ~-p collisions. The 





(Lab system) 


points shown were obtained by 
averaging the experimental data 
in small momentum intervals of 
about 30 Mev/c. (d), (e), and 

(f) show (as a broken line) the 
spectrum obtained by changing 
R|Eq. (1)] by 13%, 8%, and 14%, 
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respectively. The broken line 
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under the two inelastic peaks in- 





dicates the area to evaluate the 
cross section for the inelastic 
bump. These values are shown 
in column 10 of Table I. Pp is 
the incoming proton laboratory 


momentum, Po=21.88 Gev/c 


. 
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son of the CH, and C spectra indicates that the nor- 
malization constant R used in these circumstances 
may be in error by about 10%. The value of R has 
been changed empirically to make the p-p cross 
section above the elastic peak zero, and the result- 
ing spectra are shown as dot-dash lines in Fig. 2. 
This changes the elastic cross section by < 50% 

and is an indication of the magnitude of one source 
of systematic error. 

The elastic cross sections given in Table I were 
obtained from the area under the curves, renormal- 
ized where necessary. The statistical errors are 
small but the large systematic errors quoted arise 
from uncertainties in the values of R and OBe’, in 
the computation of the focusing effects of the fring- 
ing field of the proton synchrotron, and in the 
amount of hydrogen lost from the CH, during bom- 
bardment. The hydrogen loss was measured by 
gravimetric analysis of the bombarded CH, and 
was found to be <10%. Figure 3 shows values of 
(4 /o, ¢)°(1?/k?) (do /dQ), evaluated in the center - 
of-mass system [this is equal to (da /dt) /(do/dt), _ 9 
if one uses the optical-theorem limit for the for - 
ward scattering amplitude], plotted against the 
Square of the invariant four-momentum transfer, 

t. Otot is the total p-p cross section for the bom- 
barding proton of wave number & in the center -of- 
mass system. The p-p cross sections for ¢>0.2 


MOMENTUM Gev/c 


(Gev/c)* published by other authors>”’ are included 
in Fig. 3. It can be seen that for values of ¢ < 0.5 
(Gev/c)?, data from all energies fall approximately 
on a single curve, 


2 
4n\ ldo__,.,__—-7.5t 
oa Faq FW =e ° 


This can be compared with the Gaussian approxi- 
mation to the black-disk optical-model prediction 
and gives a value for the radius of ~1 fermi. For 
t >0.5 (Gev/c)*, F(t) appears to be no longer a 
function of ¢ alone but also of k for a givent. The 
data indicate interest in extending these measure- 
ments to different angles and energies and in par- 
ticular to higher momentum transfers. 

Another feature of the p-p momentum spectra 
is the inelastic bump and its fine structure. Fig- 
ure 2 shows that at most energies two inelastic 
peaks are resolved. The momentum separations 
AP, and AP, of those from the elastic peak are 
given in Table I. The rest energy W* of the re- 
coiling system corresponding to a peak is given 
by 


wW*? =M?+2MAE -t 
~M*+2MAP, 
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Table I. p-p elastic and inelastic cross sections. @, Po, 









x means renormalized as described in text. 


and? are the scattering angle, the incoming momen- 


tum, and the (4-momentum transfer)’, respectively. AP, and AP, are the momentum separations of the inelastic 
peaks from the elastic peak; W,* and W,* are the corresponding rest energies of the recoiling system. do/dQ in 
column 10 is the differential cross section of the inelastic bump evaluated by integrating the areas shown in Fig, 2, 










Experimental 
conditions Elastic peak Inelastic peaks 
AP; W,* 
12) Po t do/dQ °o do/dQ (ap, me do/dQ 
(lab) (lab) (lab) (c.m.) (c.m.) (lab) (lab) 


(mrad) (Gev/c) (Gev/c)*? (mb/sr) (degree) (mb/sr) (Gev/c) (Gev) (mb/sr) 








56.5 12.99 0.524 82 
56.5 15.89 0.783 20 
x 56.5 17.30 0.925 6.5 
56.5 17.75 0.978 7.6 
x 56.5 18.69 1.084 2.2 
x 56.5 19.56 1.184 0.76 
x 56.5 19.75 1.206 1.28 
x 56.5 19.91 1,221 0.77 
x 56.5 21.88 1.474 0.40 
x 56.5 22.74 1.590 0.34 
56.5 26.02 2.071 0.14 
60.5 18.29 1.184 0.80 
60.5 27.83 2.372 0.055 
Errors (all +) 
Random <= 5% 
Systematic abs. 0.5 0.3 % 50% 
Systematic rel. 0.03% 40% 


0.74 1.514 
me ~e ae co 20 
0.72 1.504 
19.2 0.59 o> = 8.4 
20.0 0.18 
0.71 1.499 . 
en staan ope 7 3.6 
0.74 1.520 
ur seaianans ee gees +3 
21.2 0.018 
0.73 1.513 
21.3 0.031 nape apes 0.83 
0.73 1.513 
21.4 0.018 oo ci. 1.7 
0.71 1.50 " 
22.3 0.0088 ye 90° 0.25 
22.6 0.0072 0.34 
24.2 0. 0027 0.10 
0.72 1.507 
9 
21.9 0.021 oo ree 1.2 
26 .6 0.0010 
= 5% 0.04 0.02 = 5% 
0.2 50% 50% 
40% 40% 




















and is tabulated. M is the proton mass and AE is 
the laboratory energy difference of the incoming 
and outgoing protons. The values found for W* 
are consistent with the assumption of definite rest 
energies for the recoil systems and the average 
values are 1.51+0.01 Gev and 1.69+0.01 Gev. As 
the energies of the second and third “resonances” 
(T = 3) found in the 7-p scattering are 1.51 and 
1.69 Gev, respectively, there appears to be a con- 
nection between the inelastic bumps and these res- 
onances. The tabulated estimates of the cross 
section do/d&2 for the inelastic bump were obtained 
by integrating the area under the bump as indicated 
in Fig. 2. 

Several explanations have been offered for the 
origin of the inelastic bump, *»*!* but none of them 
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explains all the features of the experimental data. 

An explanation in terms of a one-meson exchange 
diagram in which the target proton and the pion are 
left in an isobaric state has been considered.'” 
Two main objections can be raised, however. 
First, as the momentum transfer in the experi- 
ments was ~1 Gev/c this one-meson exchange is 
not expected to be the dominant process. Secondly, 
the model predicts a peak corresponding to the 
(3, 3) 7-p resonance in addition to the observed 
fine structure which arises from the T = 4 reso- 
nances. The present results show no evidence 
for such a peak.'® 

Recently, it has been pointed out"’” that these 
difficulties may be overcome by considering an- 
other one-meson exchange process in which the 
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FIG. 3. The differential cross section for elastic p-p 


scattering, normalized to the optical-theorem value, 
against the square of the four-momentum transfer. 


incoming proton undergoes diffraction scattering 
on a virtual pion of the target proton. Calcula- 
tions by Drell and Hiida’” have succeeded in pre- 
dicting an inelastic bump, although its position 
relative to the elastic peak is less constant with 
energy than found in this experiment. A final- 
state interaction between the target proton and 
the pion may then qualitatively explain the double 
peak in the inelastic bump (the two T = 4 resonan- 
ces). The absence of the (3, 3) peak is expected 
since the pion and recoil nucleon are in a T =$ 
state, being formed from the target proton, and 
in the diffraction scattering the isotopic spin 
quantum number is expected to be conserved. 
These experiments would not have been possi- 
ble without the whole -hearted co-operation of the 
proton synchrotron machine group who operated 
the accelerator under the stringent conditions 
demanded by this experiment, developed new tar- 
get techniques, and improved the energy stability 
of the machine. We should also like to thank 
L. Bird, R. Donnet, and C. A. St&hlbrandt for 


their continuous assistance. 
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1-MESON PRODUCTION IN 2.9-Bev p-p COLLISIONS* 


A. C. Melissinos, G. G. Fazio, and T. Yamanouchi 
Department of Physics and Astronomy, University of Rochester, Rochester, New York 
and 


S. J. Lindenbaum and L. C. L. Yuan 


Brookhaven National Laboratory, Upton, New York 
(Received November 29, 1961) 








The momentum spectrum of charged 7 mesons test for the most current theories on 7 produc- Pm 
produced in proton-proton collisions at an inci- tion.* " 
dent energy of 2.9 Bev has been measured by The experiment was performed at Brookhaven’s an 
counter techniques. Related experiments have Cosmotron using the external proton beam III and re 
been recently performed in a 20-in. hydrogen a liquid H, target. The spectra were measured pli 
bubble chamber’? and the study of the recoil nu- at 0°, 17°, and 32° in the laboratory and the setup 
cleons has been pursued with counters.* The pres- is shown in Fig. 1; the circulating beam intensity 
ent experiment, however, provides detailed mo- ranged from 2 x10*° to 2x10" protons/pulse with 
mentum spectra of the 7 mesons as a function of 30% extraction efficiency to the second focus. 
angle. The shape of the momentum spectra at As seen in Fig. 1 all secondary beams were pro- 
various angles, especially 0°, provides a crucial vided with focusing quadrupole doublets; however, 
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in the 17° and 32° case collimators were used to nation was measured at some points of the spec- 
reduce the effective source width. With the quad- _ trum and then calculated for the remaining range. 
rupoles “tuned” the magnification and momentum Finally the spectra had to be corrected for 7- 
width (~2%) remain constant for all momenta. meson decay. 
The absolute cross sections were obtained by Figure 2 gives the momentum spectra for at 
measuring a few points of the spectrum with the and 7~ mesons in the laboratory at 0°, 17°, and 
quadrupoles turned off, so as to exclude any er- 32°. The experimental points have been correc- 
rors that may be introduced by the lens magnifi- ted for nuclear absorption, Coulomb scattering, 
cation or adjustment. empty target background, y* and e* contamina- 
The 7 mesons were detected by a counter tele- tion, and pion decay. The flags on the experi- 
scope consisting of plastic scintillators and a 4- mental points represent statistical and other es- 
ft long gas (SF,) Cerenkov counter; a water Ce- timated relative errors. The over-all reprodu- 
renkov counter was also used when required to cibility can be judged by the scatter of the points; 
complement time-of-flight identification in the in general the results of two or more completely 
we. lower momentum ranges. Corrections were ap- different runs are shown on the same graph. 
plied to the data for nuclear absorption and mul- The analysis of the spectra has been performed 
tiple scattering in the telescope elements; such in the c.m. system of the two incoming protons. 
corrections were determined both experimentally The transformed c.m. spectra are shown in Figs. 
and by calculation.® 3(a) and 3(b) and do exhibit a striking anisotropy 
The contamination of electrons (e+) was deter - both in shape and in their integrated (over momen- 
mined experimentally over the whole spectrum tum) values. A summary of the integrated cross 
by using the gas counter; the u-meson contami- sections is given in Table I; for comparison the 
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results of the bubble chamber work are also in- 
cluded and are in agreement. The c.m. spectra 
can now be used for a stringent test of any 7- 
production theory. This is possible because each 
momentum spectrum is available at an almost 
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fixed production angle and has been accurately ses. 


determined in detail. In this communication we 
have tested only the “isobar model’® by assuming 
(a) that the 
isobars are produced isotropically in the p-p rest 
frame (isotropic theory); (b) that the isobars are 
produced in the p-p rest frame only at 0° and 180° 
(what we call the 0° theory). In both cases the 


alternatively two extreme conditions: 


-Table I. Summary of integrated cross sections. 


FIG. 3. Thec.m. spectra 
for (a) n* mesons, (b) 7” mesons, 
(c) single production of 7* mes- 
ons. In (c) the experimental 
spectrum is given by the solid 
curve and is obtained by sub- 
traction, the dashed curve gives 
the 0° theory prediction, and the 
dot-dash curve gives the iso- 
tropic theory prediction. The 
0° theory predictions have been 
normalized to fit the area under 
the experimental spectrum at 0°, 


isobars are assumed to decay isotropically in 
their own rest frame (no polarization). In Table 
II are compared the positions of the maxima of 
the experimental spectra, with the positions cal- 
culated according to these two extreme hypothe- 


It is evident from Table II that the predictions 
of the 0° theory are much closer to the experi- 
mental results for single pion production, and 
one may conclude that if the production of single 
m mesons proceeds through an intermediate iso- 
baric state’»*»® then this state is produced (in the 
p-p rest frame) with an angular distribution ap- 





(da/dQ) (mb/sr) 
c.m. 





0° 47° 80° Ang. distr. o, o (bubble chamber) 
a 3.92 2.25 1.53 1+1.5cos*e 25.0+5.0 mb 24.9+1.2 mb*> 
1 0.81 0.52 0.37 1+1.2cos*@ 5.8 +1.5 mb 4.7+0.7 =” 





a, 
See reference 1. 
W. Willis et al. (private communication). 
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Table II. 





Position of maxima (in Mev) in pion spectra. 












m* singles spectrum 






1” spectrum 





- Experiment Isotropic theory 0° theory Experiment Isotropic theory 
c.m. 
0° 310 225 370 220 150 
47° 200 225 soe 155 150 
80° 115 225 80 115 150 





proaching a 6 function in the forward-backward 
direction. 

For a more detailed and sensitive test of our 
results with theory we have attempted to isolate 
the spectra corresponding to different multiplic- 
ities. At 2.9-Bev proton energy, the 7* spectrum 
contains single, double, and triple production: 


p+p>p+n+m* (pnt), 
p+p-(pp+-) or (pn+0) or (nn ++), 
p+p—(pp+-0) or (pn +00) or (un ++0) or (pn ++-) 


while the 7~ spectrum includes only double and 
triple production: 


p+p~(ppt-), 
p+p-+(pp+-0) or (pn ++-). 


The branching ratios for the various channels are 
known! or can be calculated using charge independ- 
ence if one accepts a production mechanism 
through the T = 3 and 7'= 4 isobaric states (pz) of 
the nucleon.® It is then possible to subtract a frac- 
tion of the 7~ spectrum from the m* spectrum and 
obtain the spectrum for single production at a 

given angle. These spectra for singles at 0° and 
80° are shown in Fig. 3(c); on the same diagrams 
are given the predictions of the “isobar theory” 
under the simplified extreme assumptions of 0°- 
180°, or isotropic production. It is seen that the 

0° spectrum is in complete disagreement with the 
“isotropic theory” and that a strong component of 
5-function production is needed; on the contrary 
the 80° spectrum appears to be a composite of the 
two theoretical spectra. It is interesting to note 
that both the 0° and 80° spectra can be explained 





simultaneously if one assumes for the total cross 
section an almost equal mixture of isotropic and 
0°-180° production. 

Finally the contribution of the T = 4 isobar cannot 
be clearly seen in the single production. The ef- 
fects due to contributions from this isobar are 
more pronounced in the 0° spectrum for 7~ mes- 
ons. 

A detailed report of this work including the anal- 
ysis of the spectra at all angles is being prepared 
for submittal to The Physical Review. 

It is a pleasure to acknowledge the help of 
Mr. J. S. Weaver in the early stages of this exper- 
iment and of Mr. J. Robbins with some calcula- 
tions. Also we thank the Cosmotron staff, operat- 
ing crew, and experimental support group as well 
as the members of the University of Rochester 
130-in. Cyclotron Laboratory for their generous 
cooperation. One of us (ACM) wants to thank 
R. Sugarman, R. Sternheimer, and G. Collins and 
his group for many helpful discussions. 
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EXPERIMENTAL PROOF OF THE SPIN DEPENDENCE OF THE MUON CAPTURE INTERACTION, 
AND EVIDENCE FOR ITS (F - GT) CHARACTER* 


G. Culligan, J. F. Lathrop,f V. L. Telegdi, and R. Winston 
The Enrico Fermi Institute for Nuclear Studies, The University of Chicago, Chicago, Illinois 


and 


R. A. Lundy 


Argonne National Laboratory, Argonne, Illinois 
(Received November 21, 1961) 


The ground state of a u-mesonic atom of nucle- 
ar spin J consists of a hyperfine doublet, F, =/+ 4, 
Spin dependence of the uy -capture interaction 
means that these two hyperfine states capture 
at distinct rates, A,©*P. These two rates depend 
more sensitively on x =CgGy/Cpf, the ratio of the 
effective Gamow-Teller and Fermi coupling con- 
stants, than the F-averaged capture rate, a 
=n, A,°4P +n_A CaP = (27 +1) “1+ DA,C4P + JA CP], 
In fact, one has for the basic p-y atoms A _cap(H}) 
~(1-3x)2, A,°@PQH!)~(1+x)?, AC@P(H!) 
~(1+3x2), and with AA =A_©@P - A, °P, 


AA(H)) /A?P(H)) = 8x (x -1)/(1+3x2). (1) 


Thus, an (F+xGT) type interaction leads with x 
= -(+)1 to maximal (minimal) spin dependence; 
the currently favored “universal V -A” interac- 
tion, as yet unproved in the case of yw capture, 
corresponds to x~ -1. Hence, even a qualitative 
measurement of (1) should enable one to check 
whether this favored interaction holds indeed. 

A direct experimental study of the fundamental 
,H' rates entering (1) meets with many difficulties. 
Fortunately, as was emphasized by Bernstein, Lee, 
Yang, and Primakoff,'»? experiments with complex 
nuclei can provide almost equally valuable infor- 
mation. A light nucleus Z with one proton outside 
a spinless “core” (J=1+ 4) should yield spin- 
dependence effects of order 1/Z; clearly, the 
lightest nuclide with an odd s,,. proton should ap- 
proximate ,H’ best. For such a nuclide, reference 
1 indeed predicts simply 


AA(Z)/A°*?(z) = (1/ZE)AAGH)/A°*?(,H), (2) 


where (<1) is a factor introduced to allow for the 
possibility that the Pauli principle may have a 
weaker inhibitory effect on the odd proton.® 

Guided by these considerations, and following a 
recent suggestion,* we have now measured the 
time dependence of the rates at which neutral 
products (neutrons or/and nuclear gamma rays) 
are emitted in the capture of muons by ,F’® in or- 
der to determine the spin dependence (2). ,F*® was 
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chosen on two grounds: (a) Its magnetic moment 
is essentially that of ,H’, so that it can justifiably 
be attributed to an s,,, proton; (b) the conversion 
rate R, at which F, +F _ transitions take place 
through atomic processes, has for ,F’® a predict- 
ed* magnitude (~3 x10® sec“) that, while being 
sufficiently large (AA/R <1), leads to observable 
effects over a time range (~1/R) that is both sta- 
tistically advantageous and electronically conven- 
ient. 

Let us first predict qualitatively the time de- 
pendence N,,(¢) of, say, the capture neutron rate. 
Assume that AA/R <1, and that a, neutrons are 
counted per muon capture (from either F, or F.). 
At times ¢>R™, practically all neutrons will 
come from the lower (F_) state, at a rate N, (t) 
= a,A_©@P exp(-A_t) (per muon). At ¢=0 (when the 
muon reaches its K shell), the rate will be N,(0) 
= dy AP (and not a, A-©@P), Hence, to order 
ASA/R, one will observe for all ¢ 


cap 


N (=a AP -A te) exp(-At), (3) 


with 


1-A ’=A 
n 


acm (3a) 

The gamma rate will have (assuming again an 
equal yield, ay, for either F, or F_) a dependence 
Ny (?) like (3), with a@,#Qy, but Ay’ =Ay’. In gen- 
eral, however, the n/y branching ratios a,/a 
may differ for F, and F_, in which case An'#Ay' 
and Eq. (3a), yielding the quantities of interest, 
need not apply. For this reason, one should 
measure independently both A,’ and A,,’. 

We measured N,,(t) and Ny (t) for Fe using a 
LiF target T (Li has a negligible capture rate) in 
the setup schematically indicated in Fig. 1. The 
neutral capture products were detected with a 
liquid scintillator 9; a pulse-shape discriminator 
circuit (p.s.d.) at this counter’s output, patterned 
after the ideas of Brooks and Owen,° enabled one 
to select either y- or n-induced pulses. The 
threshold of counter 9 was set at Ey ~1.7 Mev. 
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FIG. 1. Experimental setup. 1, 2, 4, 5, and 8, 
square scintillators; 3, Lucite Cerenkov counter; 6 


and 
fro 


7, yoke-shaped scintillators enclosing a target T 
m above and below; 9, 5-in. diameter and 5-in. 


long liquid scintillator counter followed by pulse-shape 
discriminator (p.s.d.); Cu, 23-g/em? moderator; Pb, 


+p.s.d. =neutron or gamma signature. 


The incident negative “muon” beam consisted of 
7’s, »’s, and e’s; 7’s were suppressed by range 
(Cu absorber), while e’s were rejected with a 
Cerenkov anticoincidence counter, 3. The target 
T was enclosed first in a scintillator “house”: 
front and back between counters 5 and 8, and from 
above and below between two yoke-shaped count - 
ers, 6 and 7. This “house” (5678) was put in anti- 
coincidence with 9 and served a double purpose: 


(a) 


to reduce accidental background by vetoing 


decay events; (b) to reduce the chances that 


bremsstrahlung accompanying such events be 
counted by 9. A large counter 1, traversed by all 
beam particles that went through the setup, was 
further put in anticoincidence with 9 to reduce 
background. Thus, the signature of a neutral cap- 
that of a stopped muon was (uu) =2345678. The time 
intervals between (uy) and (w/y) pairs were meas- 
ured with a digitalized instrument (“digitron”®’”) 
that stored their distributions in the memory of a 
400-channel analyzer (PHA). Suitable logic, as 
described in references 6 and 7, was provided in 
“digitron” to reject multistart and multistop events 
(to decrease accidentals), as well as to route n- 
and y-induced events to distinct 200-channel sub- 
sections of the PHA. Thus, N,(t) and Ny (t) could 
be recorded simultaneously, each over a time in- 
terval of 5 usec. Under our running conditions 
(200 yp -stops/sec at a duty factor of 5), background 
events (accidentals) were ~5% of the real events 

at ¢=0. 

Figure 2(a) displays in the form Nny exp(+A_t) 
the sum total of our (background-corrected) neu- 
tron and gamma data; A_(,F"*) =(6.9+ 0.12) x10° 
sec was determined from the late (¢>0.5 usec) 
parts of these data. This rate agrees well with 
measurements based on electron rates from KHF,? 
PbF,,° and UF,. If spin-dependence effects were 
absent, this display should yield a horizontal line; 
there is, however, a striking dip at early times, 
and the points are well fitted (dashed line) by an 
expression like Eq. (3), with Any’ = 0.314 0.02, and 
R=(5.8+ 0.6) x10° sec™. The separate data for 
Ny /y are quite similar and yield the parameters 
listed in Table I. A,,’#A,’ suggests a small 
branching ratio effect (see below), while the two 
values for R agree, as they should. 

The anticoincidences in the (uw) and (n/y) signals 
reduce the recorded Nn fyb) near ¢=0. For this 


Table I, Comparison of observed parameters with theory. 








ao & p~ 


Observed from is oi Predicted for 
N tt) Nt) ff". F-GT F+GT 
b 
A’ 0.36 +0.04 0.25 +0.04 0.35+0.03° +0,25° +0.04 
+0.37° +0.07° 
d 
R (108 sec™!) 6.2 +1.0 5.8 +1.4 5 





Using A’ =1- A°8P /p_©*P. see text. 
From Eq. (1) with x =+1.25, and Eq. (2) with €=1. 
Shell-model prediction (reference 3). 


Estimate from reference 4, corrected for F!* moment contribution. 
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FIG. 2. (a) Time dependence of neutral capture prod- 
ucts (neutrons and gammas), Nny't), from (Li)F, 
corrected for asymptotic exponential dependence, 
exp(-At) = exp(-A_t) (A. =6.9* 10° sec™'), Dashed curve 
corresponds to A’ =0.31 +0.02, R=(5.9+0.8) x10° 
sec™!, (b) Time dependence of neutral capture products 
(neutrons and gammas), Nnylt), from (Li)O(H), cor- 
rected for asymptotic exponential dependence, exp(-At) 
(A =6.1%10° sec). The dashed horizontal line is the 
fitted mean. (Note the change in time scale near 0.6 


sec.) 


reason, the data for 0<¢#<0.1 usec were discard- 
ed and are not plotted. To prove, however, that 
the effects for ¢>0.1 usec are not instrumental 
ones, we ran under identical conditions with a 
LiOH target, in which essentially only ,O** (J =0) 
captures. From these control data as displayed 
in Fig. 2(b), we conclude that the effect exhibited 
in Fig. 2(a) is genuine. Further confidence is 
derived from a comparison of the observed and 
predicted values of the rate R (see Table I). 

As a further check, we compared, using the 
precession method, the decay asymmetry param- 
eters a of u~ bound to ,F’® (UF, target) and to ,C” 
(graphite). With R =0 (and in the absence of spin 
relaxation effects), one predicts a(,F"*) = 3a(,C*”); 
while with R #0, one should have a(,F’*) =0 for 


t>R, where only F_=0 systems survive. We 
find, for ¢>0.7 usec, |a(,F**)| <0.003, and, under 
identical conditions, a(,C’*) = -(0.027 + 0.002). 

Table I shows that A,’ and A,,’ closely bracket 
the values predicted for an F -GT interaction. 
As branching ratio effects appear to be present 
(An’#Ay’), it is not obvious which of these two 
A’’s should be compared quantitatively with the- 
ory. This difficulty can be circumvented: One 
can obtain A°@P(,.F 9) by interpolation on the 
Primakoff plot,’ and get from it and the observed 
A_©@P a third estimate of A’. This estimate coin- 
cides with pe i.e., points to a particularly large 
effect. 

We conclude that, in general, 

1. ww” capture is spin dependent (A’# 0); 
and, for ,F’® in particular, 

2. this spin dependence is such that A_>A, 
(A’>0); 

3. its magnitude is close to the maximum pos- 
sible one, i.e., to that predicted for an (F +xGT) 
interaction with x ~ -1; 


4. both the absolute rates and their spin depend- 


ence agree with the prediction of a “universal (V 
-A)” interaction, and exclude a (V +A) interac- 
tion; 

5. there is a fast F, +F_ conversion process, 
of the predicted rate. 

Clearly the assignments F=V and GT =A cannot 
be derived from nonrelativistic experiments, but 
must be sought elsewhere. 

It is a pleasure to acknowledge the assistance 
of W. A. Cramer in this work. 
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SPIN OF Y, 


Robert P. Ely, Sun-Yiu Fung, George Gidal, Yu-Li Pan, Wilson M. Powell, and Howard S. White 
Lawrence Radiation Laboratory, University of California, Berkeley, California 
(Received November 16, 1961) 


The observation of a resonance at 1385+3 Mev 
in the Am system’ has renewed interest in the 
problem of higher symmetries among the strange 
particles. Global symmetry predicts the exist- 
ence of hyperonic analogs to the observed pion- 
nucleon resonances.” In particular, a T=1 reso- 
nance with a mass of 1380 Mev, a half-width 
[/2=23 Mev, and a total angular momentum 
J=3/2 has been predicted from the measured 
parameters of the first pion-nucleon resonance. *** 
This mass and width are in qualitative agreement 
with the observed Y* parameters.®»* Dalitz has 
suggested an alternative interpretation which as- 
sociates the Y* with a bound S state of the K-nu- 
cleon system, requiring the Y* to have J=1/2.’ 

In this Letter we present correlations in the pro- 
duction and decay angular distributions of the y* 
that support J 2 3/2. 

We have studied the properties of the T=1 y* 
produced by the interaction of 1.11+0.03 Bev/c 
K~ mesons® in the 30-inch propane bubble chamber 
at the Bevatron, via the reaction 

K"+p>+A+ate+n, (1) 
The film was scanned for all V°, 7*, and 7~ type 
events. Eleven hundred such events were found 
and subjected to both A-decay and hydrogen-pro- 
duction constraints via reaction (1), with the FOG, 
CLOUDY, and FAIR kinematic analysis programs. 
From a comparison with the events that failed, we 
can set upper limits of (a) 5% for the fraction of 
those accepted events that were produced ir. car- 
bon, and (b) 10% to 15% for those that involve >° 
production. The corrections for scanning bias in- 
clude an escape correction for A’s that leave the 
chamber, which varies from 5% to 15% over the 
momentum range of the A, and a 4% correction 
(15 events) for A’s below 300 Mev/c, in which the 
decay proton was too short to be visible. The 
cross section for reaction (1) is 2.8+0.5 mb, in 
agreement with the cross section of 3.4+ 0.5 mb 
measured by Alston et al.’ 

The pion that resonates with the A has been cho- 
sen by examination of the invariant mass M(A, 7) 
=[(E, +E,)? - By, +P)?” of each system. Weight- 
ed histograms of M(A,7~) and M(A,7*) for all 
events are shown in Figs. 1(a) and 1(b), respective- 
ly. The average error in M is less than, or equal 
to, the box width over the range of values shown. 
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FIG, 1. Weighted histograms of the distribution in 
invariant mass M(A,7)=[(E,+E,)?- (q+ p,)"l'” for 
(a) M(A,7~) and (b) M(A,z*). The solid lines are the 
fits to a curve of the form [(M-M))’+ (I'/2)?]~! of the 
data near the resonance energy. The corresponding 
values of M and I'/2 are given in Table I. The dashed 
curves represent the expected values of M(A,7) when 
the other pion resonates with the A. 


We have fitted a resonance curve of the form 
[((M-M.,)*+(C/2)?|", modified by the three-body 
relativistic phase space, to the data near the reso- 
nance energy. The solid lines represent the best 
fits, and the corresponding values of M, and ['/2 
are given in Table I. It should be recognized that 
the values quoted were derived from a simplified 
model that omits momentum dependence of the 


461 












VOLUME 7, NuMBER 12 


PHYSICAL REVIEW LETTERS 


DECEMBER 15, 196] 





Table I, Summary of Y* data. 











Number of events M, (Mev) T'/2 (Mev) Production angular distributions 
7 154 1376 +3 24 +4 (7.9#1.9) - (19.9 5.7) cos@ + (62.1 +16.1) cos’@ 
+(22.6 8.9) cos*@ - (63.0 +19.7) cos*é 
a 224 1376 +3 33 +5 (15.5 +2.0) - (0.1 6.0) cos@ + (15.5 +5.1) cos6 


- (21.9 +9.7) cos*@ 








matrix elements® and Bose-statistics symmetri- 
zation effects.'° The dashed curves represent the 
expected values of M(A,7) when the other pion 
resonates with the A. 

Although our data allow as much as a 10% non- 
resonating background, the data are consistent 
with the assumption that all reactions (1) proceed 
in two stages: 


(a) K7+p+¥** +07 
and 
*+t + 
(b)Y¥ +A+a,. 


The ratio of o(K~+p-= Y*"+2°)/o(K~+p=> y** > 1) 
=1.45+0.15 indicates that both T=0 and T=1 pro- 
duction amplitudes are present. 

Only those 378 events with 1310 Mev<M,, <1450 
Mev are used in the subsequent analysis. Re- 
stricting the range of accepted mass values to 
M,+30 Mev does not alter any of our conclusions. 

The Y*-production angular distributions in the 
K-p center-of-mass system are shown in Fig. 2. 
The marked difference between the Y** and Y*~ 
distributions illustrates the interference between 
the T=1 and T=0 production amplitudes. The 
best fits to a power series in cos@ are shown as 
the solid lines, with coefficients as listed in Table 
I. In each case the addition of higher powers of 
cosé@ did not improve the fit, but the cos*@ and 
cos*@ terms were necessary. 

The large negative coefficient of the cos*@ term 
in the Y** distribution is characteristic of D-wave 
production of a J=3/2 resonance (the expected 
distribution for D-wave production of a J=3/2 Y* 
from aj=5/2 initial state is 1+10cos?@-10cos*e.™ 
The D-wave production of a Y* with J= 1/2 always 
predicts a positive coefficient for cos*@é. However, 
the negative coefficient depends strongly on the 
relatively small number of y** events produced 
with cos(¥", K)<-0.8. This region is especially 
subject to the bias against low-momentum A’s 
mentioned above. A correction for this bias does 
not alter the above conclusions, but reduces their 
statistical significance. 
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FIG. 2. Production angular distributions of (a) Y** 
and (b) Y*" events. The solid curves represent the 
best fits to a power series in cos(¥*,K). The equa- 
tions for these curves are given in Table I. 


Several tests have been suggested that relate the 
decay angular distributions to the spin state of the 
Y .#-!4 In general, the interpretation of these 
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tests assumes that there are no interactions be- 
tween the recoil pion, Ts and the decay products, 


A and 7,; and that the y* is in a state of definite 
parity. If J=1 1/2, the momentum vector (A) of 
the A in the y* center of mass must be isotropic- 
ally distributed. If J > 3/2, it, is possible to 
achieve an alignment of the Y* in the production 
process, which will in turn produce an anisotropy 
in the distribution of A about the axis of align- 
ment. 

Adair’ has shown that for reaction (a), conser- 
vation of the component of angular momentum 
along the incoming beam direction requires, for 
J>1/2, an alignment for those Y*’s that are pro- 
duced along the incident beam direction (K). Spe- 
cifically, for J=3/2, the A distribution must be 
1+3cos*(A, K). The necessity of using nonzero 
production angles reduces this effect when partial 
waves with />0 are present in the production proc- 
ess. For D-wave production of aJ=3/2 , the 
process of averaging over a cone of production 
angles with |cos(¥*, K)| > 0.9 is expected to dilute 
the distribution to approximately 1+ cos?(A A K). 
The histogram in cos(A, K) for those 41 events with 
icos(¥*, K)| > 0.9 is shown in Fig. 3(a). The solid 
curve is a fit to the distribution 1 +a cos?(A, K), 
with a=1.0+0.8. Since only 41 events are used, 
this result cannot distinguish J=1/2 from higher 
spins. 

However, Stapp** has pointed out that a J=3/2 
Y* may preferentially emit A’s perpendicular to 
the K axis, either in or perpendicular to the pro- 
duction plane.’® This preferential emission is ex- 
pected to be maximal when the Y* is produced at 
90 deg. We find a decided preference for decay 
perpendicular to the production plane. Figure 3(b) 
shows the distribution in cos(A, Kx¥") for those 
143 events with |cos(¥* , K)l< 0.5. (Note that 
these events are different from those used in the 
Adair analysis.) The distribution fits the form 
1+acos?(A, Kx ¥*) with a=1.5+0.4. A y? test 
yields a probability of 10™ that this distribution 
would arise from an isotropic population. Indi- 
cations of this effect were found by Alston et al.,’ 
and serve to increase the confidence level for 
anisotropy. This result clearly favors J > 3/2 
for the Y* system. 

As a check on the validity of the isolated Y* mod- 
el, we have examined the decay distributions for 
asymmetries that cannot be present in the decay 
of an isolated Y*. In previous experiments at 
lower K~ momenta, the distributions of A relative 
to the Y* direction have shown forward-backward 
asymmetries. These asymmetries have been at- 
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FIG, 3. Two methods used in testing for the spin of 
the Y*: (a) The Adair distribution in cos(A,K) for those 


41 events with |cos(Y¥*,K|20.9. The solid curve is the 
best fit to l+a cos?(A ,K) with a=1.0+0.8. (b) The 
distribution in cos(A,K x ¥*) for those 143 events with 
lcos(¥*,K)|<0.5. The solid curve is the best fit to 
l+a cos*(A,K x ¥*) and yields a=1.5+0.4. 


tributed to the Bose-statistics symmetrization ef- 
fects, which are expected to be less important at 
a K~ momentum of 1.11 Bev/c.?® A fit of all Y* 
events to a 1+acos(A, Y’) distribution gives the 
values a, = -0.31+0.17 for the Y**, and a_= -0.13 
+0.13 for the Y*~. These coefficients have the 
Same sign as, but are a factor of 3 smaller in 
magnitude than, those found at a K~ momentum 
of 800 Mev/c.'* The distributions in cos(A, K) 
and cos(A, Kxy¥"), for those events used in Fig. 
3, show no asymmetry, i.e., the coefficients of 
cos@ are +0.24+ 0.31 and +0.07+ 0.24, respective- 
ad 

If the interference effects are as small as es- 
timated, the observed anisotropy about the pro- 
duction normal implies J >3/2. The production 
angular distribution and the Adair distributions 
are both consistent with this hypothesis. 
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K* AND K*-—37 DECAY 
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It is well known! that the spectrum of the unlike 
pion in the t*+-decay mode of K* mesons deviates 
noticeably from the pure statistical distribution. 
Many people?” have tried to explain this deviation 
as due to pion-pion “final state” interaction. On 
the basis of their analysis of the t-decay spec- 
trum, these people,? however, obtained pion-pion 
S-wave scattering lengths which do not agree with 
those obtained® on the basis of the crossing rela- 
tions developed by Chew and Mandelstam.* In this 
note we wish to show that the observed deviation 
of the spectrum of the unlike pion in t+ decay 
from the statistical distribution can be simply 
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explained if r+ decay proceeds via K* (see Fig. 1) 
provided that K* has spin unity, in favor of which 
there is some slight evidence.® On this model the 
spectrum of the unlike pion in t*’ decay comes 
out to be the same as given by Weinberg’® on the 
basis of | Ail =4 rule and is consistent with ex- 
periment.’ Below we give the details of the cal- 
culation. 

Denote the 4-momenta of the three emerging 
pions from K-meson decay by k,, k,, and k,, where 
k, will always refer to the unlike pion in the 7 
or T’ decay mode. Let K denote the 4-momentum 
of the K-meson (K*=-m x”). We introduce the 
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FIG, 1. Feynman diagram for the t decay mode of the 
K meson via K*. 


three scalar variables, 


s, =-(K -k,)’, 
S,=-(K -k,)?, 
s,=-(K -k,)’, (1) 
where 
S.+S,+S, =m_,,27+3m _?. (2) 


as -. = 


Let T,, T,, and T, denote the kinetic energies of 
the three pions in the rest system of the K meson. 
In a nonrelativistic treatment of the decay spec- 
trum, it is convenient to introduce the Dalitz’ 





P mm “i ™ 2 
M (Sy) 89183) =A +B poxfox(So ~Sg)/(-S) +my#) 


2 3 1 


+same expression with s, ands 





variables 


x =V3 (T, -T,)/Q, 
y =(3T, -Q)/Q, (3) 


where Q=7,+T,+T,. Then, aside from a con- 
stant factor, the decay spectrum is given by 


dw(x,y) = 1M |*dxdy, (4) 


where M is the matrix element for K -31 decay 
and x?+y? <1. 

Gell-Mann and Rosenfeld® showed that a good 
empirical fit to the r*-decay data, obtained from 
a plot compiled by Dalitz,’ is obtained with 


M_~1+ wy- (5) 


We now show that the Feynman diagram shown in 
Fig. 1 leads to a matrix element of the form (5) 
for 7* decay provided that K* has spin unity. If 
K* has spin unity, Fig. 1 gives, for T+ decay, a 
matrix element of the form 


Bor ox(Sy - s,)/(-s, + Mien)» 


where gyo* is the strong coupling constant for 
the reaction K* +K +7 and /,°* is the weak coup- 
ling constant for the decay K* +1*+m~. Hence 
the matrix element for t* decay is given by 


1 9 interchanged 


~“~@ 


a (6) 





=’ +8 04S pox “3 +mpe =S tm 


2 


where A is a constant which represents the con- 
tribution from intermediate states of higher ener - 
gy (and corresponds to the subtraction constant 

in dispersion relations). If we consider the ma- 
trix element M, at the symmetric point sj =s9 
=S3=Sg=3my"+m,”, we find \=M_(sq; Sq, Sq)- 
Now the maximum value of s, or s, int decay is 
(my -m,)? = 6.25 m,’; while m,,-**=40m,*. There- 
fore we can neglect s, and s, as compared with 
my*° in the denominators of the above expres- 
sion, so that (6) becomes 


= - 2 
M | A+ Bort powlS, + So 25,)/myxs 


which, on using (2) and (3), becomes 


8 ,-0%F 0%{ 2m _Q 
ol oe 9 y (7) 
* 





M =A} 1+ 
T 


A mk 


K* 





Now putting in the experimental values of mx, 
mx*, and Q (= 75 Mev), we get 2mxQ/mx*’ = %. 
Hence if we take A =g,°* fx* (or, what is the 
same thing, A=f,0* since gyo* has been shown 
to be of the order of unity by Chan‘), Eq. (7) re- 
duces to (5) which has been shown to fit the 7*- 
decay data by Gell-Mann and Rosenfeld® and Wein- 
berg.® 

Note that if K* has spin zero, then in Eq. (6), 
(s, -S,) and (s, -s,) do not appear and if we ne- 
glect s, and s, as compared with mx’, the ma- 
trix element is constant and the spectrum will not 
deviate from the statistical distribution. 

For t*’ decay, we get the matrix element (cor- 
responding to the diagram in Fig. 1) 


M., =! + Baal y+e (2m Q/m yx )¥: 
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where A’=M_,(Sq, Sg; Sg). It is well known that the 
|AI| < 3 rule*»®»® gives \’=A/2. It can be shown 
that 


&yte= “8 ox/N2 , 


and, if we assume the |All =4rule, 


Sxt* si V2F cox 


so that 


ont. O* q 
== (=) (8) 





1-2 


Note that the factors multiplying y in Eqs. (7) 

and (8) are in the ratio 1:-2 which is the same 
result as obtained by Weinberg® on the basis of the 
|All = 4 rule. Now taking as before Ex fox aA, 
Eq. (8) becomes 


M_,=2{1-2%y), (9) 


which is consistent with the experiment.®’ 

Note that for t*’ decay another diagram, which 
is obtained from Fig. 1 by replacing k,(7°) with 
k,(1*), is also possible. But it is easy to see 
that on symmetrization between k, and k, this 
gives zero. 
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VECTOR MESONS AND POSSIBLE VIOLATIONS OF CHARGE SYMMETRY 
IN STRONG INTERACTIONS 


Sergio Fubini 
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(Received November 22, 1961) 


The two vector bosons, p+ 27 ' and w+3z,? 
needed to understand the main features of the 
electromagnetic form factors of the nucleon, 
have been recently observed in several experi- 
ments, the masses of the p and w being very 
close but the observed width of the p being much 
larger than that of w. 

A very important result has recently been ob- 
tained by the Berkeley group*® which found that 
the wide p° resonance is split into two levels p,°, 
p,° whose experimental widths are of the same 
order of magnitude as that of w®. The first tenta- 
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tive attribution of quantum numbers identifies the 
vector boson with the higher level p,°. 

So the present very preliminary values of the 
masses of p° and w° are the following: 


m ,o= 787+10 Mev, oe 775410 Mev. 


The observed widths, ~10 Mev, coincide with the 
experimental resolution. 

The equality, within experimental errors, of 
Moo and m_. is quite intriguing since both par- 
ticles have the same quantum numbers except 











ist 
th 





5, 1961 


CERN 
lege, 
Spital- 
h De- 
award 


958); 
The 

53; and 
» Nuovo 


v. 115, 
hys. 
Wali, 
litra and 
national 
r (Inter- 
TOR, 


1); 
Letters 


es the 


the 


h the 


ar- 








VoLuME 7, NUMBER 12 


PHYSICAL REVIEW LETTERS 


DECEMBER 15, 1961 





isospin (the 27 decay mode requires T=1 and 
the 37, T=0), and both widths are smaller than 
10 Mev and might well turn out to coincide. 

Another important regularity appears if one 
considers the role of p°® and w° in the explanation 
of the main features of the electromagnetic form 
factors of the nucleon.* The equality of the mass- 
es together with the observed vanishing charge 
radius of the neutron imply that the residues of 
the p° and w° poles in the charge form factors 
are nearly equal. 

It seems unlikely that, if confirmed by future 
experiments, these amazing coincidences should 
be due to pure chance. 

A first way of dealing with this situation is to 
assume the existence of some new kind of sym- 
metry law, which must be satisfied very accurate- 
ly by strong interactions leading to the near equal- 
ity of the masses in the supermultiplet pw°. This 
interpretation is somewhat artificial since we do 
not have in elementary particle physics other su- 
permultiplets with such a small mass difference. 
For the supermultiplet AD, for example, the 
mass difference is about 70 Mev. 

Another possibility is that w°® and p° are two 
decay modes of the same particle (which we shall 
denote by f°), which, like the photon, does not have 
a well-defined isotopic spin. 

In this Letter we wish to discuss the theoretical 
implications and experimental consequences of 
the existence of a neutral vector meson of mass 
of 780 Mev which can decay both into two pions 
and three pions.°® 

First of all, we have to consider whether the 
violation of charge symmetry (C.S.) in strong in- 
teractions, caused by the existence of the [ mes- 
on, is in contradiction with the present experi- 
mental evidence for C.S. At first sight one would 
say that, since the width of f is certainly less 
than 10 Mev and probably even smaller, the cou- 
pling of [ to the other strongly interacting parti- 
cles is of the order of magnitude of the electro- 
magnetic coupling and so the C.S. violation due 
to the presence of f will be rather small and com- 
patible with experiment. This interpretation is, 
however, incorrect since we know that [’s are 
produced in about 50% of the pp annihilation 
events, 

So the question of the size of the C.S. violation 
induced by the [ depends in our theory upon the 
role played by [ in the different reactions and in 
particular on the manner in which its long life- 
time can be reconciled with the large production 
rate, 


A simple physical model is the following. The 
lr is strongly coupled to nucleons but, due to its 
large mass, its density will be large only in the 
inner part [~1/(5.6m,,)] of the nucleon cloud. So 
the probability of producing a [ will be quite 
large in those phenomena, like pp annihilation, 
in which the nucleon cores are essentially in- 
volved. 

On the other hand, the 27 and 37 decay proc- 
esses have to pass through a nucleon-antinucleon 
virtual state. This means that the interaction 
region has a very small radius ~1/2M. The 
small decay rates of the [ might be therefore 
due to the strong effect of the centrifugal bar- 
rier since the pions are produced in p waves.® 

Coming back to the question of charge sym- 
metry, we observe that the only existing ex- 
perimental tests of C.S. come from nuclear phys- 
ics and low-energy pion physics at energies in 
which no real f can be produced so that the C.S. 
violation will only come from exchange of virtual 
I’s. This effect can enter in two different man- 
ners: first in renormalizing the fundamental 
pion-nucleon vertex, secondly in the direct [ ex- 
change, for example, in nuclear forces. 

Now the first effect is small due to the weak 
effective coupling (['7); the second is unimpor- 
tant at low energy, because of the short range of 
the contribution of nuclear forces from [ ex- 
change (1.5 times shorter than the range of the 
repulsive core). We think therefore that the 
large [ mass together with its weak coupling to 
pions will probably make the C.S. violations 
small enough not to contradict the existing ex- 
periments. 

We now come to the question of possible ex- 
perimental checks of the validity of the proposed 
scheme. The most direct test has been suggested 
to me by J. Prentki. In the hypothesis of the 
unique [ particle the ratio of the number of p® 
to that of w° produced in any reaction will not de- 
pend on the kind of reaction, but only on the 
branching ratio ([ + 27)/([f' +37). For example, 
one can verify that the ratio of p° to w°® produced 
in pp annihilation is then the same as the ratio 
in pion-nucleon collisions.” 

The violations of C.S. due to the existence oi 
the [ meson will occur mostly in those reactions 
in which the important effects come from the in- 
ner part of the nucleon cloud. So one expects im- 
portant deviations from C.S. in nucleon-antinu- 
cleon annihilation and in pion-nucleon and nucleon- 
nucleon elastic scattering at large energy (~ Bev) 
and large angles. A possible experiment is to 
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verify deviations of the branching ratio, 


Z He*+7° 
P+P ys +1, 


from the value 4} predicted by charge independ- 
ence. 

The existence of the [ meson leads to an ex- 
planation of the main features of the nucleon 
form factors by means of a unique particle. The 
absence of any charge structure of the neutron 
at small momentum transfers can be now in- 
terpreted by saying that the coupling of the [ to 
the nucleon is of the form (1+7,)/2. The simi- 
larity of the [ to the photon is now very striking: 
Both particles have the same quantum number 
and violate charge symmetry in the same manner. 

It is amusing to note the analogy existing be- 
tween our problem and the 6-7 puzzle. In the 
latter case one had two particles with equal mas- 
ses and lifetimes having all the same quantum 
numbers except parity, the first decaying into 
two pions, the second into three. Also in that 
case two explanations were proposed: (1) a new 
kind of symmetry between couples of particles of 
opposite parity; the so-called “parity doublets.” 
(2) 6 and 7 are two decay modes of the same 
particle which decays violating the conservation 
of parity. Nature has chosen the second possi- 
bility. One can also note the interesting analogy 
between the (1+ y,) appearing in parity-noncon- 
serving interactions and the (1+7,) appearing in 
the interactions violating charge symmetry: In 
both cases there is maximum violation of the 
symmetry law. 

When the first results on nucleon structure 
were showing a large charge structure for the 
proton and none for the neutron, the first re- 
action of many physicists was to consider these 
experiments as an indication for a violation of 
charge symmetry. Maybe this naive point of 
view will finally turn out to be the correct one. 

The author has benefited by very useful criti- 
cism from many people in the CERN Theoretical 
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Division. He wants to offer his special thanks 
to Professor D. Amati, Professor J. Prentki, 
Professor L. Van Hove, and Professor V. F. 
Weisskopf for their illuminating discussions. 
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‘The matrix element for decaying into three pions 
is of the form 


€ k (Dp (Dp Dr(pp® Rp) 
apy a . ‘ 
apy Hapy - 7 


So the three final pions must be either in ap or ina 
higher 7 state. In the first case the final-state wave 
function is antisymmetric in the exchange of any pair 
of pions, which (because of Bose statistics) must all 
have different charge. From this we can see that the 
charged partner of I (which must go into either 1*1*1” 
or 7*z°x°) can only decay into three pions in d wave and 
so the centrifugal barrier will make this decay rate 
very small. 

®See matrix element in reference 5. 

"In the case of NN annihilation, one has to measure 
the ratio of the number of p® produced in N +N — (n+2) 
pions to the number of w® produced in N + N— (n+ 3) 
pions since they both correspond to the process N+N 
—-TI+n pions. 
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IS ISOTOPIC SPIN A GOOD QUANTUM NUMBER FOR THE NEW ISOBARS? 
Sheldon L. Glashow* 


Institute of Theoretical Physics, Department of Physics, Stanford University, Stanford, California 
(Received November 27, 1961) 


Recent numbers of this Journal report discover- 
ies of several relatively long-lived meson and 
hyperon isobars. Some of these display remark- 
able regularities in mass beyond what may be anti- 
cipated from known symmetry principles—the 
three members of the (T=1, J=1) 750-Mev two- 
pion resonance’ (p) differ in mass from the 
(T=0, J=1) 785-Mev three-pion resonance? (w) 
by only 4%; stranger yet, the masses of Y 
(the T=1 hyperon isobar at 1385 Mev)® and Y «) 
(the 7=0 hyperon at 1400 Mev)‘ differ by about 
1%. In both cases there is a near degeneracy in 
mass between an isotopic singlet and triplet. 

Among particles of better pedigree, = and A 
hyperons also show this quadruplet structure, 
with a >,A mass splitting of 7%. This suggests 
the speculation® that the symmetry group of the 
strongest interactions is greater than the isotopic 
rotation group, and is such that these interactions 
leave degenerate > and A hyperons. The even 
more marked quadruplet structure of both vector 
bosons and hyperon isobars offers additional sup- 
port to this view. 

Whether nearly degenerate quadruplets are 
portents of symmetries to come, or whether they 
are mere acts of chance is not for now to say. In 
either case, the existence of two particles, identi- 
cal in essential (i.e., rigorously conserved) quan- 
tum numbers and with neighboring masses, can 
cause a novel enhancement of virtual electromag- 
netic effects. 

Suppose that w and p, differ by no quantum num- 
ber respected by electromagnetism. What linear 
combinations of these fields propagate with def- 
inite mass and definite lifetime? They are w and 
Pp) themselves, so long as electromagnetism is 
ignored, for the strong interactions—we presume— 
conserve isotopic spin. But electromagnetism 
fails to conserve isotopic spin: The electric cur- 
rent includes both an isoscalar and isovector part. 
Thus electromagnetism may induce nonradiative 
transitions between w and p,.° Said another way, 
the mass (and lifetime) eigenstates, when electro- 
magnetism operates, are no longer simply p, and 
w but become superpositions of the two fields. 

The amount of admixing does not directly depend 
upon the relative strength of electromagnetic and 
strong couplings, but rather, upon the relative 
size of the transition matrix element between p, 





and w and their mass difference. Thus the close- 

ness of the two vector mesons’ masses may great- 
ly enhance the extent that their decays violate iso- 
topic invariance. 

In order to identify the “particles,” we must 
diagonalize a two-by-two effective mass matrix 
describing the p,,w system: M=M,+M,. The 
complex diagonal matrix M, assigns to p, and w 
their masses and lifetimes without radiative cor- 
rection. The matrix M,, in general complex and 
symmetric, describes the electromagnetic ef- 
fects—its matrix elements are of order 1/137 
those of M,. The off-diagonal matrix element of 
M,, which we call n, is just half the transition 
matrix element connecting p, and w. 

In any higher symmetry scheme, M, describes 
the p,,w mass splitting caused by the intermedi- 
ate strength symmetry-breaking interactions 
(Issbi) as well as their mean mass determined by 
the symmetric strong interactions. As an approxi- 
mation, Issbi may be neglected in the evaluation 
of M,. Then, the “electromagnetic eigenstates,” 
or eigenvectors of M,, depend only on the struc- 
ture of the higher symmetry group (they would be 
the “particles” were Issbi absent). In global sym- 
metry,° they are (1/¥2)(p,+w). In the eightfold 
way” they are 4p,+4V3w and 4w-4V3p,. The de- 
termination of the electromagnetic mass splitting 
between these states (and thereby, of n) is a dy- 
namical problem far beyond the scope of this note. 

For the p,,w system, we may expect that the 
electromagnetic matrix elements are small com- 
pared to the mass difference due to strong inter- 
actions. [Electromagnetic effects are typically 
several Mev, whereas the masses of the two vec- 
tor particles differ by Re(5m)~35 Mev. Actually, 
we must also take into account their difference in 
lifetime, so that |5m| ~50 Mev.] Thus, one of the 
two eigenstates is dominantly p,, the other dom- 
inantly w. Dropping terms of order 77(5m)~*, we 
find for these eigenstates: 


Po= Pot n(im)™w, 


@=w - n(5m)™ po. 


Because 6m is relatively small, the amount of 
admixing is not at all negligible. When the isotop- 
ic spin conserving interactions of p, and w are ex- 
pressed in terms of the “particles” p, and @, a 
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significant probability is revealed for the p, to 
decay into the three-pion channel and for @ to 
decay into the two-pion channel. The narrower 
experimental width of the three-pion channel 
means that the second effect is far the more im- 
portant of the two. With 7~5 Mev as a pure guess, 
about 5% of all @ should decay into two pions. Ex- 
perimentally, this effect might be misinterpreted 
as evidence for a second p, at 790 Mev, except 
that it is absent for the charged partners of p,.° 
The case for Y,,.° and Y is similar. The mass 
difference is smaller, |6m|~20 Mev, so that the 
departures from charge independence could be 
more pronounced. With 7~5 Mev, the eigenstates, 
Y a) °=¥ aot nlim)™Y » 


q) (1) 


and 
ror Y o> n(dm)"Y «)°, 


involve admixtures of 25% in amplitude. The 
principal decay mode of ¥ ,» is ¥+(Z+7)7=9 
and that of ¥ ,.° is ¥y,°+A+7°° Radiative cor- 
rections allow the isospin-violating modes Y,.— 
A+q° and ¥,,.°+(5+7)7=9. With the ([+7)r.9 
channel assumed three times narrower than the 
A+7 channel (in accordance with phase space—for 
experimentally there are as yet only upper bounds 
for the widths), we find for the branching ratios 
of the anomalous modes: 2% for ¥,,° and 20% 
for Y,g. Since we have guessed both 7 and the 
relative widths of the two states, this result could 
be very much in error. However, the existence 
of such an effect as we discuss depends critically 
on the assumption that Y and Yq share the same 
values of spin and parity. The observation of a 
significant branching ratio for Y ~+A+t 7° would 
be very convincing evidence for this assertion. 

I wish to thank Professor M. Baker, Professor 
J. Dreitlein, Professor D. Walecka, and Mr. 
K. Nordtvedt for their helpful comments. 





*Work supported in part by the U. S. Air Force 
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Should both py and w contribute to electromagnetic 
form factors, the virtual sequence py-> y= wis al- 
lowed and generates a nonvanishing matrix element con- 
necting w and py. An estimate of the transition rate 
between w and py due to this diagram may be made if 
their contributions to the nucleon form factors, their 
coupling constants to nucleons, and their widths are 
known. Our guess, 7 ~5 Mev, is consistent with such 
an estimate, with current experimental data, the value 
(g*/4y) Nn ~0.3 (W. K. R. Watson (private communi- 
cation)], and a similar value for the strength of the wv 
nucleon coupling. However, this estimate is not reli- 
able. It requires knowledge of form factors and coup- 
ling constants near the w or pp) mass shells, not at low 
momentum transfer; furthermore, diagrams with other 
intermediate states like py->y+7°+~+w, cannot be neg- 
lected. 

™. Gell-Mann, Phys. Rev. (to be published); Y. Ne’- 
eman, Nuclear Phys. 26, 222 (1961). 

®The relative size of the two-pion peaks due to jy and 
w depends upon the experiment considered—the anom- 
alous peak would be more striking if more @ were pro- 
duced than fp. 

*The decay mode ¥(1)°— (2 +7)p = 1 conserves isotopic 
spin, but mysteriously seems to be absent. It could be 
forbidden by assuming R invariance. See J. J. Sakurai, 
Phys. Rev. Letters 7, 426 (1961). 
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SCALAR NUCLEON FORM FACTOR F,” +F,?* 





Norman K. Glendenning and Gustav Kramer? 


Lawrence Radiation Laboratory, University of California, Berkeley, California 
(Received October 23, 1961) 


All meson-theoretic derivations of nucleon- 
nucleon potentials agree that the outer region 
should behave like the one-pion exchange poten- 
tial (OPEP). The inner region cannot be calcu- 
lated unambiguously, however, and is therefore 
usually treated phenomenologically. 

The modification of the inner region in such a 
way as to fit the low-energy n-p data is the sub- 
ject of a forthcoming work.’ There we discovered 
that the integrals that enter the deuteron electro- 
magnetic form factor G? are very insensitive to 
the inner region of the potential for g<3 f, and 
are therefore determined by the well-established 
OPEP tail. This fact can be used to extract the 
sum of the neutron and proton charge form factors 
F,>+F,” with practically no uncertainty arising 
from our imperfect knowledge of the n-p force. 
The sum F,?+F,” is obtained from the expres- 
sion? 

P +F "Gy" +G 2) 


exp 1 2 


+(2 tan (@/2)+116, 0 > (1) 
where Go, Gog, Gmag are, respectively, the con- 
tributions from the spherical and quadrupole 
charge distributions and the magnetic moment.° 
In addition to F,? and F,", Gmag contains also 
the magnetic parts of the nucleon form factors 
FP and F,”. Since Gmag is almost everywhere 


at least two orders of magnitude less than G,” 
+G,’, its value will effect at most the third fig- 
ure of F,?+F,” (except at large angles, which we 
avoid). Since the already published neutron form 
factors of Hofstadter et al.* should allow us to 
compute Gmag to at least one significant figure, 
we shall use the published values of the nucleon 
form factors in Gmag’ 

We have used the experimental cross section 
for elastic electron-deuteron scattering of Fried- 
man, Kendall, and Gram* to find Gexy = (do4QMexp/ 
(do/dQ) 9, where (do/dQ), is the cross section for 
electron scattering from a spinless point charge. 

Drawing a smooth curve through a recent exper- 
imental measurement’ of the proton charge form 
factor F,?, we obtained values for this quantity 
which we subtracted from our value of F,?+F,” 
to get the neutron charge form factor. Our re- 
sults are tabulated in Table I. The upper and 
lower limit on F,”+F,? come both from the ex- 
perimental uncertainty in Gexp’ and the slight un- 
certainty in the integrals appearing on the right 
side of Eq. (1) arising from our imperfect knowl- 
edge of the nucleon force at small distances. 

As can be seen from the table, it is consistent 
with the existent data to say that the neutron 
charge form factor F,” is zero, at least up toa 
momentum transfer g=3f~'. However, most of 
the data suggest a very small negative value of 
the form factor. 

Our results do not agree with those of the Stan- 


Table I. Upper and lower limits on the scalar nucleon form factor F," + FP and the neutron form factor F," de- 
duced from the experimental proton and deuteron form factors F;’ and G are shown. We obtain Fy by drawing a 
smooth curve through the experimental points of reference 6. 




















q 0 G? F,"+F/? FP F," 
(f-1) (deg) exp Lower Upper exp Lower Upper 
0.99 60.0 0.266 +0.025 0.781 0.877 0.901 -0.120 -0.024 
1.07 70.0 0.241 +0.023 0.789 0.890 0.889 -0.100 0.001 
1.36 90.0 0.151 +0,.015 0.779 0.897 0.839 -0,060 0.058 
1.51 105.0 0.101 +0.009 0.716 0.824 0.809 -0.093 0.015 
1.79 43.0 0.0496 +0.0048 0.638 0.751 0.748 -0.110 0.003 
1.99 48.5 0.0290 +0.0027 0.574 0.685 0.706 -0.132 -0.021 
2.22 55.0 0.0225 +0.0022 0.610 0.744 0.658 -0.048 0.086 
2.41 61.0 0.0107 +0.0009 0.489 0.600 0.619 -0.130 -0.019 
2.61 67.5 0.00733 0.00077 0.467 0.598 0.578 -0.111 0.020 
2.82 75.0 0.00422 +0.00042 0.413 0.537 0.538 -0.125 -0.001 
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ford‘ and Cornell’ groups who analyzed the ine- 
lastic (deuteron. breakup) process. However, no 
analysis of the inelastic process to date has ac- 
counted for the presence of the D state in the deu- 
teron, nor all of the final-state interactions, ex- 
cept in a rough manner.?”* 

There is some uncertainty introduced into our 
results by unknown relativistic and meson-current 
effects. Nevertheless we feel that these effects 
will be small in the region of low momentum 
transfer considered here.® 





*Work supported by the U. S. Atomic Energy Commis- 
sion. 

TOn leave from the University of Heidelberg, Heidel- 
berg, Germany. 

‘nN. K. Glendenning and G. Kramer, Lawrence Radia- 
tion Laboratory Report UCRL-9904 (to be published). 
The potentials were required to yield the deuteron bind- 
ing energy and quadrupole moment and give a scattering 
phase shift at zero energy consistent with the known 
scattering length. In addition, the phase shifts at higher 
energies were calculated and they agree roughly with the 
analysis of the experimental data at 95 Mev by M. H. 
MacGregor, Phys. Rev. 123, 2154 (1961), and with two of 
the solutions in the energy range up to 300 Mev of M. H. 
Hull, K, E. Lassila, H. M. Ruppel, F. A. McDonald, 
and G. Breit, Phys. Rev. 122, 1606 (1961). 


*v. Z. Jankus, Phys. Rev. 102, 1586 (1956). 

3R. Hofstadter, Ann. Rev. Nuclear Sci. 7, 231 (1957), 

‘R. Hofstadter, C. de Vries, and R. Herman, Phys, 
Rev. Letters 6, 290 (1961); R. Hofstadter and R. Her- 
man, Phys. Rev. Letters 6, 293 (1961). We used Eqs, 
(9) through (12) in the second of these references. 

5J, I. Friedman, H. W. Kendall, and P. A. M. Gram, 
Phys. Rev. 120, 992 (1960). 

SF, Bumiller, H. Croissiaux, E. Dally, and R. Hof- 
stadter, Phys. Rev. 124, 1623 (1961). 

™D. N. Olson, H. F. Schopper, and R. R. Wilson, 
Phys. Rev. Letters 6, 286 (1961). R. M. Littauer, 
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8... Durand, III, Phys. Rev. Letters 6, 631 (1961); 
Phys. Rev. 123, 1393 (1961). 

°R. Blankenbecler, thesis, Stanford University, 1958 
(unpublished), has studied relativistic corrections, using 
a simplified model of the deuteron (two bosons, one of 
which is charged, bound by a separable potential). In 
this model the corrections can give rise to a 25 to 30% 
reduction in the cross section at g=3 f~! which would , 
mean that the scalar charge form factor would be larger 
by as much as 15%. Whether the corrections would be 
as large in a realistic model is not clear. However, 
suppose that this is the correction that obtains at g 
=3f-'. Then if we applied a correction that is 15% 
at g=3f"' and goes linearly to zero as 70, the lim- 
its we place on F,;” would lie one above and one below 
the zero value for all values of g listed in our table 
except at g=2.2 f-!, where both limits are positive. 
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RESONANCE IN THE Aa SYSTEM. Margaret Al- 
ston, Luis W. Alvarez, Philippe Eberhard, Myron 
L. Good, William Graziano, Harold K. Ticho, and 
Stanley G. Wojcicki [Phys. Rev. Letters 5, 520 
(1960) }. 

Due to a typographical error, a sentence in the 
second paragraph on page 523, line 26, is incor- 
rect and should read: “We find the ratio of events 
with |é| <0.5 to all events is 0.355.” The conclu- 
sions of the paragraph remain unchanged. 


1-1 RESONANCE IN 2° -) INTERACTIONS AT 1.25 
Bev. E. Pickup, D. K. Robinson, and E. O. Salant 
[Phys. Rev. Letters 7, 192 (1961)]. 


Due to a computational error, the mean value 
of the 7“7° and 7" cross sections at the maxi- 
mum of the resonance was incorrectly stated as 
O7-q7=95 mb. The correct value is 65.0+7.5 mb. 
The values of the ordinate in Fig. 3 should be mul- 
tiplied by 0.68. 
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LIFETIME EFFECTS IN CONDENSED FERMION 
SYSTEMS. A. Bardasis and J. R. Schrieffer 
[Phys. Rev. Letters 7, 79 (1961)]. 


It has been pointed out by P. Noziéres that a 
more accurate estimate of the damping coeffi- 
cient a for He® can be made with the aid of the 
theoretical expression for the thermal conduc- 
tivity given by Abrikosov and Khalatnikov.’ Our 
original assumption that the thermal conductivity 
relaxation time is given by 


tT=h/2a(kT)*, 


leads to a=9.1x10"* erg*~37.6/Ep. The more 
refined estimate using m* = 2.82 m gives a= 4.27 
x10** erg*~1.77/Ep. With this value one finds 
that damping effects reduce the transition tem- 
perature T;°, predicted in the absence of damp- 
ing, to 
T, = 0.32 T,°. 

‘A. A. Abrikosov and I. M. Khalatnikov, Reports on 

Progress in Physics (The Physical Society, London, 





1959), Vol. 22, p. 329. 
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